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Summary 
Pulmonary embolisms (PE) are blockages in blood flow in the lung. Imaging is used to locate 
defects that signify the presence of PE. Accurate diagnosis is complicated by the lack of 
reliable non-invasive imaging methods. No individual imaging method exists with adequate 
sensitivity and specificity for reliable identification of defects. The purpose of this project was 
to combine ventilation-perfusion imaging with analysis of the images in a joint histogram in 
order to investigate the application of this technique for the diagnosis of PE in the lung. 
Experimental modelling was conducted by designing and constructing a phantom consisting 
of two plastic containers to represent two lungs, with a number of defects resembling emboli. 
The dimensions and the volume of this phantom were selected by reviewing chest data of 
patients. Each container was injected with ~100MBq of 99mTc and immediately scanned using 
a Nuclear Medicine Gamma Camera. Three static views of each phantom were investigated: 
anterior, lateral right oblique and lateral left oblique. 600,000 counts were used for perfusion 
and 300,000 counts used for ventilation. The scanned images were registered using a 
HERMES workstation, and then transferred to Image J software to obtain a joint histogram 
plot, to assess the spatial relationship of the two datasets. Correlation coefficients of these 
two registered images were calculated and it was shown that: 
1) A lung phantom constructed through data derived from patients allows measurements 
incorporating defects of known size and position to investigate differences between ventilation 
and perfusion images. 
2) A joint histogram derived from ventilation and perfusion images was sensitive to the 
presence of differences between ventilation and perfusion scanning images. A correlation 
coefficient parameter has been identified which could potentially be an aid to the detection of 
pulmonary embolism in a mathematical way to support traditional visual inspection of images. 
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3) The joint histogram was also sensitive to image noise, which might hide a defect in the joint 
histogram. The use of noise filtering was studied to reduce the effect of noise in a joint 
histogram, but it may also affect the defect signature. 
4) A Monte Carlo model was developed to extend experimental testing by modelling. 
Computer simulation of the experiment allows variations of defect size and location to be 
investigated without additional expense and time on equipment. The simulation includes: 
i) Development of a Monte Carlo model involving both patient and gamma camera. 
ii) Gamma camera modelling requiring collimator simulation. 
iii) Efficiency improvements to reduce calculation time 
After simulation verified with experimental data, the simulations indicate that detection of 
ventilation and perfusion differences through comparison of the correlation coefficients of 
Joint Intensity Histogram is achievable. 
Further simulations are based on different sizes of defects, defect positions and numbers of 
defects. The results suggest that the method of comparing correlation coefficients to detect a 
difference between ventilation and perfusion images is sensitive to the defect volume and the 
number of defects, but not the location of the defect. 
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Chapter 1 Introduction 
One of the most efficient pulmonary embolism detection methods involves matching regional 
ventilation to perfusion (Giuntini 2001). The comparison of ventilation and perfusion images is 
normally performed by visual inspection but may potentially be improved by a mathematical 
approach to image analysis. 
The aim of this project was to apply quantitative image comparison techniques to ventilation 
and perfusion scanning of pulmonary embolism. Measurements were performed on a 
phantom to apply the joint histogram technique to known data sets, evaluate capabilities of 
the technique and investigate its sensitivity. Experimental testing can be extended by 
modelling. A Monte Carlo simulation was developed involving both a patient phantom and the 
gamma camera. 
1.1  Embolism 
Coagulation or clotting occurs when a blood vessel is damaged and repaired via the 
mechanism of protein and platelet, which can block blood flow in the vessels. If part of such a 
clot moves within the other vascular branches, and stops there, it can create an embolism 
(Storey and Heptinstall 1999). An embolism generally can be made by a blood clot or an air 
bubble. Air bubble embolisms or gas embolisms, are generally cleared before entering the 
lung. Souders, Doshirer et al. (1999) concluded that only a large bubble can affect the blood 
circulation in lungs due to decreasing size of vessels. This thesis will concentrate on the 
detection of embolisms in the lungs which is a common site for defects with dangerous 
consequences. These are called pulmonary embolisms (PE). 
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1.1.1  Pulmonary embolism 
A PE is a blood clot that forms in a vein, travels through the bloodstream, and lodges in the 
lungs, where ≥ 70% embolisms are located at terminal pulmonary vessels (Goldhaber 2004). 
This clot can originate in any part of the body - most cases of PE (approximately more than 
50%) are caused by deep-vein thrombosis (Baglin 2009). Blockages vary greatly in size: the 
larger the clots in the lung are the higher the risks of further blockage of the decreasing 
vascular branches. 
PE is the third most common cause of death (Dismuke and Wagner 1986). Mortality and 
morbidity exceed 60,000 in the United States and 40,000 in Asia per year (Horlander, 
Mannino et al. 2003). Tardy, Tardy-Poncet et al. (1998) suggested that the percentage of 
patients with confirmed PE increases with age. Figure 1-1 demonstrates the death age related 
to PE in 1706 patients, mean age of death related to this disease was 76 years. 
 
 
 
Figure 1-1 Distribution of age at death in cases of pulmonary embolism of 1706 
patients.(Ogren, Bergqvist et al. 2005) 
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Pulmonary embolism diagnosis varies widely and depends on additional risk factors such as 
position and size of embolism in the lungs. These two factors influence how well the PE can 
be diagnosed by radiology and treated properly (Silverstein, Heit et al. 1998). 
1.2  Detection options 
There are several options to detect PE, the choice will usually depend upon the availability of 
various medical imaging modalities, including X-ray radiography, magnetic resonance 
imaging and nuclear medicine, and patient health may also be considered (Castelli, 
Bergamaschini et al. 2009). It must be recognised that all available objective tests have their 
characteristic strengths and weaknesses (Fedullo and Tapson 2003). 
Under-diagnosis can lead to patients suffering PE, which may possibly affect, or lead to failure 
of their future medical management. Dalen (2002) concluded that if the PE is untreated, it may 
increase the risk of the patient’s death between 30% and 35%. Over-diagnosis may expose 
the patient to the risks of anticoagulation treatment unnecessarily. 
1.2.1  Single detection method 
There is no single non-invasive method that can detect PE with both sensitivity to small 
defects and specificity to PEs. The following scanning techniques demonstrate recent 
advances in PE detection. These newly developed imaging methods have the ability to detect 
embolism, or typical abnormalities in pathology, and many of these methods can provide 
information about physiological function. 
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1.2.1.1 Ventilation perfusion scintigraphy 
Scintigraphy is one of the diagnostic tests in which a two-dimensional picture of a body is 
obtained through the use of injected radioisotopes (Trujillo, Pratt et al. 1997). This diagnostic 
test is used to evaluate the distribution of air and blood within a patient’s lungs. 
In the ventilation process, an isotope labelled gas is inhaled by the patient through a mask 
covering the mouth and nose. The image obtained represents the air ways of the lung that are 
ventilated by the intake of breath. In the perfusion processing, 99mTc radioisotope is 
intravenously injected into a patient to obtain an image of blood circulation within lungs. Both 
of these phases are scanned separately and registered. Any radiation distribution difference 
between ventilation and perfusion images may indicate the presence of an embolism, i.e. area 
of lung tissue identified by ventilation that does not have a normal blood supply. 
Ventilation-perfusion scintigraphy for diagnosis of pulmonary embolism is also known as V/Q 
scintigraphy or V/Q scanning. Hull, Raskob et al.(1990) described the steps in diagnosis for 
patients with suspected PE and these are described in chapter 2. 
In early studies, a single plane detector was used to obtain a planar image of the lung for 
normal V/Q scintigraphy of PE. Recently, as Single Photon Emission Computed Tomography 
(SPECT) was developed, more work has focused on this technique rather than single planar 
detectors and the resulting data set can be viewed in any axial, and coronal plane (Corbus, 
Seitz et al. 1997). Whether performed within planar mode or SPECT, V/Q scintigraphy can 
only offer a level of sensitivity for PE detection based on the embolism size and number of 
perfusion defects. Gottschalk, Stein et al. (2007) concluded that a patient, with 1-3 small 
segmental perfusion defects in a normal chest radiograph, may have a low positive predictive 
assessment value (≤ 10%) and could be easier to diagnose and treat than a patient with more 
than three defects. 
Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) alternative methods 
are being introduced in order to obtain more accurate and higher specificity detection of PE. 
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1.2.1.2 Magnetic resonance angiography 
Angiography is traditionally done by injecting a contrast agent into the blood vessel which 
increases the visibility of the blood vessels relative to the surrounding tissue (Kruger, Haage 
et al. 2001). This injected contrast method can be performed with X-ray based techniques, CT 
and although rarely, is also used in MRI. 
Magnetic resonance angiography includes a group of magnetic resonance imaging (MRI) 
techniques to image blood vessels using a magnetic field and pulses of radio wave energy 
combined with arterial spin tagging (Roberts, Gefter et al. 1999) and is able to detect 
embolism at the segmental level i.e. only in a large blood vessels (Maki, Gefter et al. 1999). 
Figure 1-2 demonstrates the rapid improvements in MRA over a relatively short period. Image 
improvements include clear display of the pulmonary artery tree as a result of increased 
resolution and decreased noise level. 
 
Figure 1-2 Image improvements include clear display of the pulmonary artery tree as a result 
of increased resolution and decreased noise level (Gefter, Hatabu et al. 1995). 
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However, the MRA technique also has weaknesses such as limited ability to detect 
subsegmental (i.e. smaller blood vessels) embolisms, and might not be commonly used in 
diagnosis of PE due to limited availability of expensive MRI equipment and longer 
examination time (Hoffmann, Schima et al. 1999). 
1.2.1.3 Computed tomography 
CT is a method of digital geometry processing constructed by a series of projection scans 
along a single axis of rotation (Maki, Gefter et al. 1999), used to generate a three-dimensional 
image of an organ.. The individual projection images are obtained by X-ray radiography, in 
which the image contrast depends upon X-ray attenuation and different tissue density. 
Recent technical developments in CT scanning have decreased image acquisition time, which 
allows continuous scanning during a breath hold. A thinner collimation was introduced to 
improve resolution and visualization of smaller pulmonary embolism (Remy-Jardin, Remy et 
al. 1996; Baghaie, Remy-Jardin et al. 1998; Garg, Welsh et al. 1998). 
1.2.1.4 Computed tomography pulmonary angiography 
CTPA is performed in a radiography department, by CT scanning combined with intravenous 
contrast injection to highlight pulmonary vessels to determine the presence or absence of 
embolism within lungs (Van-Rossum, Pattynama et al. 1996; Mayo, RemyJardin et al. 1997). 
During the process of CTPA scanning, patients and radiologists may undergo high radiation 
exposure placing both of them at potential risk (Martine, Remy et al. 1996). Due to the risk of 
radiation exposure, CTPA is yet to find its way into common clinical practice. Therefore, 
combination methods have been adopted. 
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1.2.2   Combination detection methods 
Currently, the accuracy for PE detection by means of the previous individual methods exhibits 
a wide range of sensitivities (53% to 92%) and specificities (78% to 100%) (Remy-Jardin, 
Remy et al. 1996; Drucker, Rivitz et al. 1998). To achieve better results, a combination of a 
number of modalities could compensate for disadvantages.  
1.2.2.1 Ventilation perfusion scintigraphy combined with 
computed tomography 
CT currently has advantages over MRI in that it has shorter examination time, greater ease of 
patient monitoring, and fewer artefacts. In addition, Meignan (2002) has pointed out that using 
relevant anatomy within the lung is helpful to measure regional V/Q relationships. Thus using 
CT as the primary modality, and combining with V/Q scanning would be a suitable approach. 
A prospective study of 779 patients following an abnormal scintigraphy result showed better 
embolism diagnosis results by a combination of V/Q scintigraphy and CT than from either 
method alone (Wilson, Meagher et al. 2002). 
1.3  Treatment 
Once a PE is diagnosed, the patient undergoes treatment, typically using anti-blockage 
methods to restore the blood flow. In the simplest cases, this may be done via anticoagulant 
therapy using drugs, like Warfarin (Smythe, Dager et al. 2004). A detailed discussion of 
treatments is outside the scope of this project. 
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1.4  Aim and outline of the thesis 
A very important issue for detecting PE is that although the basic methods or combinations 
have been documented and compared in the literature, more research into V/Q scintigraphy 
may provide benefits. Further development may also include combining V/Q with other 
modalities, and perhaps even further provide better ways to detect pulmonary embolism in 
screening. 
The research project reported on in this thesis aims to concentrate on V/Q lung scanning to 
detect PE, by applying image-processing techniques such as linear registration and 
quantitative comparison of the V/Q scans to detect and determine the size of PE. To achieve 
these outcomes, the following methods were used in the project: 
Artificial lung phantoms were constructed based on patient data collected at St Vincent’s 
Hospital, Melbourne, Victoria, Australia. Paraffin wax in a phantom would mimic a defect in a 
lung that blocked radionuclide distribution. Nuclear medicine planar camera perfusion and 
ventilation lung scanning images were combined. An image comparison histogram tool was 
used to diagnose the presence of embolism and analyse the position of the defect in the 
simulated lungs. 
A series of SPECT images obtained from the phantoms were used to create a computer 
simulation of the experimental set-up to extend the available data. The model includes 
phantom simulation, Gamma camera, collimator function, and joint histogram plotting for 
comparison of simulated ventilation and perfusion images. 
1.5  Thesis overview 
Chapter 2 discusses important background concepts related to nuclear medicine imaging of 
lungs for the purpose of improving PE detection. This chapter also includes a literature review 
of previous research on various aspects of relevant topics. The following background topics 
11 
 
are introduced: anatomy relevant to phantom development, nuclear medicine imaging with a 
gamma camera, diagnostic ventilation perfusion imaging and image processing including 
description of registration tools and histogram analysis software that will be applied to the 
problem being investigated. 
Chapter 3 is a study investigating the materials and methods used for the experimental 
development of the lung phantom. This includes brief details of lung tissue simulation 
dimensions, defect comparison, and compares phantom material attenuation coefficients. 
Chapter 4 is a study investigating the use of the developed phantom for detecting simulated 
embolisms of different sizes and in different positions using ventilation and perfusion scanning. 
The results include the investigation of correlation coefficients used for image comparison and 
their sensitivity to the size of the simulated embolism. 
Chapter 5 describes the modelling used to extend the experimental investigation. The 
modelling used is the Monte Carlo method. The simulated ventilation and perfusion images 
are obtained by simulating individual photon paths and detection. Several modelling 
improvements were applied such as techniques employed to improve efficiency to reduce 
calculation time. 
Chapter 6 provides conclusions based on the results presented in chapters 3, 4 and 5 as well 
as recommendations for further research on the detection of pulmonary embolisms in 
ventilation perfusion imaging. 
1.6  Conference presentations arising from this work: 
1. ‘Ventilation-perfusion scanning technique with joint-histogram plot for the detection of 
pulmonary embolism’ 
W Liang, L Wilkinson, RD Franich, LN McDermott and PN Johnston 
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18th Biennial Australian Institute of Physics Congress (AIP) 2008 Adelaide, Australia, Dec 
2008 
2. ‘Ventilation-perfusion scanning technique with joint-histogram analysis for the detection of 
lung abnormalities 
W Liang, L Wilkinson, RD Franich, LN McDermott and PN Johnston 
10th Biennial ESTRO Conference on Physics and Radiation Technology for Clinical 
Radiotherapy.Maastricht, The Netherland. August 2009 
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Chapter 2 Background 
The purpose of this chapter is to present some of the basic concepts that relate to the project 
and to review the relevant literature. This includes information about the anatomy and 
physiology of human lungs used to develop the experimental phantom. Nuclear medicine 
diagnosis in lungs and procedures to obtain ventilation perfusion images are described. 
Pulmonary embolism diagnosis using ventilation perfusion comparison is discussed, along 
with some digital image processing techniques required for the proposed joint histogram 
analysis. 
2.1  Anatomy and physiology of human lungs 
The experimental work for this project required the design of a phantom to represent human 
lungs and chest cavity. Materials used should be radiologically similar to lung tissue and 
muscle (chest wall) tissue, and the phantom lung dimensions should resemble those of a real 
patient. 
In humans, the two lungs lie within the chest cavity, separated by the heart. The right lung has 
three lobes and there are two in the left lung (Figure 2-1), therefore, in both sexes the right 
lung is larger than the left (ICRU 1992). The main function of the lungs is to provide an 
enormous surface for gas exchange through the inhalation of oxygen (O2) which enters the 
body, and exhalation of carbon dioxide (CO2) out of the body (Rosati, Brown et al. 2002). 
Thus the lungs consist of low density tissue, due to the presence of airways, and contain a 
large number of blood vessels. 
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Figure 2-1 Human lung image extract from Rosati, Brown et al. (2002) 
 
2.1.1  Lung density 
Wegener, Koeppe et al. (1978), Sakai, Gamsu et al. (1987), and Nagai, Yamawaki (1989) 
have all demonstrated that lung density can be determined and calculated by using 
tomodensitometry (TDM). Guenard, Diallo et al (1992) investigated twenty-four patients with 
ages ranging from 30 to 77 and found the mean lung density is 0.288 g/cm3 among healthy 
people, and 0.226 g/cm3 among patients. This result is in agreement with values reported by 
Brudin, Rhodes et al. (1987) using Positron Emission Tomography (PET), but is slightly 
greater than that reported by Rosenblum, Mauceri et al. (1980) in an earlier study (0.266 
g/cm3). 
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2.1.2  Lung thickness 
As lung thickness varies from person to person, and increases with age, Kaul, Egbert et al. 
(1987) and de Jong, Long et al. (2006) have proposed a table (Table 2-1) of dimensions 
among different age groups for chest width (lateral), chest thickness (Anterior-Posterior) and 
lung volume to use as a lung dimension reference. 
 
Table 2-1 Chest dimensions and lung volumes at different ages. (Kaul, Egbert et al. 1987; de 
Jong, Long et al. 2006) 
 <3 years 3-16 years Adult (≥16 years) 
Chest Width (cm) 
(lateral) 
15.0 19.5 29.3 
Chest Thickness 
(cm) 
(Anterior-Posterior) 
12.7 14.7 19.2 
Lung volume (ml) 654 1818 2940 
 
Both the density and thickness of human lungs are quite variable. The materials and 
dimensions chosen for a phantom will not be identical to the mean values but should be close 
enough to the normal range to represent a suitable example. 
2.1.3  Physiological processes in the lungs 
Two general processes are involved in gas exchange in the lungs: 1) getting the blood to the 
pulmonary capillary (perfusion) and 2) getting the air to the alveolar surfaces (ventilation) 
(Cameron and Skofronick 1978). There are three states of ventilation-perfusion in the lungs: 1) 
areas with both good ventilation and perfusion, 2) good ventilation and poor perfusion, and 3) 
poor ventilation and good perfusion. The last two ventilation-perfusion cases may result from 
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embolisms or pneumonia in the lungs respectively, and can potentially be diagnosed by 
nuclear medicine imaging techniques. 
2.2  Nuclear medicine 
Nuclear medicine is the medical specialty that involves the use of radioactive isotopes in the 
diagnosis and treatment of disease. (Powsner and Powsner 2006)  
Most nuclear medicine practice involves the production of images of the distributions of short 
lived radionuclides in patients. In lung diagnostic procedures, most modern 
radiopharmaceuticals are labelled with 99mTc. This radionuclide has a short half-life 
(approximately six hours) and it can be eliminated from the body within a day via urine 
(Robbins, Feller et al. 1976; Malone, Malone et al. 1983). During the diagnostic procedure, a 
radioisotope is inhaled or intravenously injected and is redistributed within the body or organ 
of interest. In order to obtain a good quality image of an organ, typically for lungs and V/Q 
imaging, the size of the injected particles should be restricted to 20-60μm, as bigger particles 
may block the capillary tree and may cause unnecessary disturbance (Schumichen 2000; 
Zophel, Bacher-Stier et al. 2009). Its distribution can be recorded by radiation detectors or by 
a scintillation camera placed adjacent to the scanned organ. This distribution in a gamma 
camera image can also make it possible to determine the shape and size of abnormalities 
within the organ (Bushberg, Seibert et al. 2001).The major components of the imaging system 
are described below. 
2.2.1  Gamma camera 
Scintillators are materials that emit visible or ultraviolet light after the interaction of ionization 
radiation with the material (Bushberg, Seibert et al. 2001). Scintillator materials can be 
categorized as organic or inorganic (Cherry, Sorenson et al. 2003). Organic scintillators, are 
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sometimes dissolved in liquid solution. This section concentrates on inorganic scintillators, in 
the form of solid crystals. 
A number of inorganic scintillators are used in nuclear medicine applications. Typically, 
Sodium Iodide activated with Thallium (NaI) is the main kind of scintillation crystal detector 
used to detect the energy and intensity of Gamma rays from a radiation source (Cherry, 
Sorenson et al. 2003). 
NaI is relatively dense (ρ = 3.67 g/cm3) and has a high atomic number (Z = 53), so it is suited 
to absorbing and detecting penetrating radiations in the range of 50-250 keV x-rays and 
gamma rays (Cherry, Sorenson et al. 2003). Moreover, NaI is a relatively efficient scintillator : 
approximately 13% of deposited photon incident energy is converted into visible light in the 
detector (Bushberg, Seibert et al. 2001). These advantages make the NaI detector widely 
used in nuclear medicine. In general, a rectangular NaI layer 0.95 cm thick has almost 100% 
probability of detecting gamma rays from 99mTc (Mettler and Guiberteau 1998). 
After photon interaction with the NaI crystal, the secondary light emission is converted into an 
electrical signal using a photomultiplier tube (PMT). In the case of a gamma camera, a large 
area NaI crystal is used, backed by an array of PMT’s combined with a logic circuit to enable 
position sensitivity. 
To create an image, a one-to-one correlation needs to exist between points in the image and 
the patient. This is achieved with a collimator. 
2.2.2  Collimators 
A gamma camera collimator is basically a large slab of Lead (Pb) perforated with many holes. 
The collimator restricts the rays from the source from reaching the camera unless travelling in 
a particular direction. Whether the photons are stopped or absorbed by the collimator is 
related to their angle passing through the collimator (Powsner and Powsner 2006). The larger 
the angle the greater the chance of blocking, because the photon must pass through one or 
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more of the lead septa (between the holes). The collimator allows only those photons 
travelling approximately along the long axis of each hole to reach the detector crystal. 
Typically, only 1% of photons reaching the collimator are transmitted and are used to 
generate an image: the rest are absorbed or scattered by the collimator (Bomford, Kunkler et 
al. 1993). 
Different types of collimators have different sensitivity and resolution (Bushberg, Seibert et al. 
2001). The sensitivity refers to the probability of the photons being transmitted through the 
collimator and detected by the gamma camera. The resolution refers to the ability of the 
camera to distinguish between adjacent points in the subject. The most commonly used 
collimator in nuclear medicine is the Low Energy All Purpose (LEAP) parallel-hole collimator 
(Mettler and Guiberteau 1998). 
In general, this type of collimator consists of a number of parallel septa with 1.5 millimetres of 
air in between. The septa have a high attenuation coefficient to absorb the photons emitted 
from a radionuclide (Bushberg, Seibert et al. 2001). Thinner septa correspond to better 
sensitivity of the collimator but may result in worse resolution because of larger holes or more 
photons being transmitted through the lead septa. Figure 2-2 below illustrates a schematic 
drawing of an ideal parallel-hole collimator that includes NaI (a), and collimator (b). The type 
of collimator hole (c) is drawn separately.  
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Figure 2-2 Schematic drawing of scintillation camera detector (not to scale) (Bushberg, 
Seibert et al. 2001):”Preamp” :Pre-amplifiers, PMT: Photomultiplier tubes. a) 9.5mm thick NaI, 
and b): 540mm long, 400mm wide, and 35mm deep collimator consists of 86300 hexagonal 
holes (c) holes are 1.5 mm across separated by 0.2 mm Pb septa. 
 
2.3  Diagnostic procedures 
In principle, a ventilation scan can be used as a reference image to compare with perfusion 
scans to detect blood perfusion defects. The ventilation and perfusion images are acquired 
separately.  
2.3.1  Ventilation scanning 
Ventilation scanning records an image of the airways of the patient’s lungs. Sitting on the 
bedside the patient wears a mask and breathes the 99mTc labelled “technegas” (Vita Medical 
Ltd.), the whole ventilation process taking 3-5 respiratory cycles (Senden, Moock et al. 1997). 
In practice, 100,000-200,000 technegas particles should be administered to the patient 
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(Parker, Coleman et al. 1996) in order to obtain a ventilation image containing a minimum of 
100,000 counts as per the routine guidelines for ventilation studies at St Vincent’s Hospital.  
Immediately after ventilation scanning the mask is removed and the patient is prepared for the 
perfusion scan while any remaining 99mTc technegas is exhaled.  
2.3.2  Perfusion scanning 
Perfusion scanning records an image of the blood vessels in the patient’s lungs. This is done 
by injection of a radionuclide into the blood stream. 99mTc labelled 99mTc-MAA is also used as 
the radionuclide of choice, due to its short half-life (approximately six hours) and the emitted 
gamma rays (140 kev) being suited to gamma camera imaging. 
The 99mTc is injected into the patient and the gamma camera image is viewed on a monitor to 
follow the distribution of the radionuclide in the patient. The perfusion scan, typically less than 
10 minutes, takes longer than the ventilation scan, to record approximately 600,000 counts in 
the gamma camera image (Schumichen 1999). 
2.3.3  Comparison of ventilation and perfusion images for differences 
Typically, if a big enough embolism exists in a lung that it blocks the blood flow in vessels, the 
radionuclide cannot pass beyond this defect or only a small fraction of the 99mTc may pass 
through. This may result in little or no radiation recorded in this area of the perfusion image. If 
the corresponding region is visible in the ventilation image, then the region represents lung 
tissue that does not have a proper blood supply. This is the basis of ventilation-perfusion 
scintigraphy as used for the diagnosis of pulmonary embolism. 
Before diagnosing pulmonary embolism, it is important to know that other factors can affect 
the distribution of the radioactivity in either the ventilation or perfusion images. 
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2.3.4  Cause of inhomogeneity of distribution in ventilation and perfusion 
imaging  
Several studies (Power and Kam 2001; Ward, Ward et al. 2002; Appadu and Hanning 2003) 
have concluded that pressure differences between the top and bottom of the arterial system is 
one of the factors that influence air and blood flow distribution within lungs. Rohidin, 
Petersson et al. (2003; 2004) found that in human volunteers, the radioactive distribution also 
varies in different postures, and there is a greater mismatch of V/Q activity distribution in 
supine posture than in the prone position. However, supine position is the preferred situation 
because it is comfortable for patients and convenient for the staff. Some elderly and critically 
ill patients can only be studied in this posture (Palmer, Bitzen et al. 2001). 
2.4  Parameters used in working with medical Images 
Computers are used for the acquisition, storage, and processing of data, so medical images 
are acquired and stored in digital format.  
2.4.1  Pixels 
Both ventilation and perfusion images are made up of a rectangular array of elements called 
pixels (an abbreviation of picture elements). Each pixel has an associated image intensity 
value. This data can be visualized as a matrix, for example, 64 x 64, 128 x 128 pixels, etc. The 
matrix is equivalent to the dimensions of the image and corresponds to limiting spatial 
resolution of the image. For a typical 512 x 512 pixel image, each pixel corresponds to a 
region in the patient of about 0.5 x 0.5 mm2, and two points separated by less than 0.5 mm in a 
patient cannot be distinguished. A larger number of small pixels corresponds to better 
resolution of the image but worse image noise, because there will be fewer photon counts in 
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each pixel. On the other hand, a smaller number of large pixels has a lower resolution but will 
result in less noise. (See 2.4.2.) 
In a 3D image, each element corresponds to a small volume of tissue called a voxel. For a 
1.5 mm CT slice spacing, the voxel size is 0.5 x 0.5 x 1.5 mm3 (Figure 2-3). 
 
 
Figure 2-3 The pixel and voxel from Bomford et al. (1993) 
 
2.4.2  Noise in digital medical images 
Generally speaking noise can be categorized as random noise or structured noise (Cherry, 
Sorenson et al. 2003). Structured noise, sometimes also referred to as non-random variations 
arise from imaging system artefacts. This section concentrates on random noise, which is a 
common cause of image quality degradation. 
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In nuclear medicine, a gamma camera is a radiation counting system that measures radiation 
from the radioactive decay of the injected radionuclide (Cherry, Sorenson et al. 2003). In 
practice, to form a suitable perfusion image of the lungs, 600,000 radiation counts need to be 
counted in the gamma camera in approximately 10 minutes. The average count rate in this 
situation is 1000 counts/s. Because radiation counting is a statistical event, in each second, 
the count rate will not be exactly equal to 1000 counts, but will probably be close to this 
average value (e.g. 990 counts, or 1010 counts etc.). The number of counts recorded in each 
pixel will vary in a similar way. Random statistical variation in counting rate is called random 
noise. The random noise arises from random numbers of photons emitted from the radiation 
source and  random numbers of photons recorded when reaching the detector (Bushberg, 
Seibert et al. 2001). In a radiographic image, the noise is mainly dependent on the number of 
photons detected by the detector, and number of counts in each pixel. (e.g. there are 16,384 
pixels in a 128 x 128 pixels image, to form a 600,000 counts perfusion image, approximately 
36 counts per pixel are recorded, which is four times greater than for a 256 x 256 pixel image, 
that only records approximately 9 counts per pixel. Therefore, a 128 x 128 pixel image has 
lower random noise than a 256 x 256 pixel image). 
Filtering is a mathematical process used to extract additional quantitative information and to 
improve the quality of nuclear medicine image (Miller and Sampathkumaran 1982). Many 
different kinds of filters have been described and discussed to compensate for excessive 
noise (Pizer and Toddpokropek 1978; Todd-pokropek and Dipaola 1982). The method used in 
this project is the Gaussian filter. 
2.4.3  Gaussian blur 
The Gaussian blur is often used as an image smoother by applying a Gaussian function to 
average pixel intensity values. The resulting smoothing filter reduces image noise, but it may 
also reduce image detail (Hegge, Kudryashev et al. 2009). 
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The Gaussian blur includes an adjustable scale parameter: the smoothing effect on the image 
depends on the scale number. Figure 2-4 illustrates the effect of two scales that have been 
applied to an original lung-phantom scan image from this project. An initial lung phantom 
image is presented in Figure 2-4 (a) together with a horizontal line profile. Noise is present at 
both top and bottom of the profile as a result of statistical uncertainties. In order to improve the 
image quality and reduce noise, two different scales of Gaussian blurs are applied to this 
initial image. Applying the filter with a scale of 2 reduces the random noise in the image. 
Increasing the Gaussian blur scale to 10, the original image now has blurred boundaries, very 
little noise is present, but it also reduces image detail. 
 
 
Figure 2-4 The effects of two Gaussian blur scales that have been applied to an original 
lung-phantom scan image, a) Original image, b) Scale=2 applied, and c) Scale=10 applied 
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Clinically, diagnosis of pulmonary embolism is done by image comparison but only by visual 
inspection. A mathematical technique used in this project will compare individual pixels in the  
two images. Applying the Gaussian blur actually changes the pixel intensity values. It is 
important when applying the Gaussian blur to reduce noise, to be careful to avoid losing the 
defect ‘signature’ in images.  
2.5  Image registration 
Image registration is a process of aligning images so that corresponding features can easily 
be related, and radiologists can draw useful conclusions by fusing or combining these two 
registered images (Van-Rossum, Pattynama et al. 1996). 
In general, two images of the same anatomy obtained at different times or by different imaging 
modalities, may need to be translated, rotated, enlarged, or reduced. Deformation of the 
organ is also possible, but not discussed here. For two images with different intensities (i.e. 
different numbers of counts) to be compared, it is also necessary to normalise their intensities. 
In this project, image registration was performed using a HERMES workstation. 
2.5.1  HERMES 
HERMES is a comprehensive nuclear medicine software application suite with multimodality 
reconstruction and analysis tools for all routine clinical procedures (Hawkes, Robinson et al. 
1991). The HERMES software applications are tested and validated and have been used in 
clinics since 1976 at hundreds of sites globally. 
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2.5.2  Registration methods 
In this project, two steps are applied when registering ventilation and perfusion image. They 
are described as: intensity normalization and image alignment. 
2.5.2.1 Intensity normalization 
The intensity of the two images must be normalized before further processing. Fewer counts 
are obtained from ventilation than perfusion and the time to record a ventilation image is 
shorter than the time to get a perfusion image. The pixel intensities of the ventilation image 
are multiplied by the ratio of counts in the perfusion image to the ventilation image. i.e. 
600,000/300,000 = 2 in the case of these experiments. 
2.5.2.2  Image alignment 
This is a type of registration that matches one image (perfusion) to a standard image 
(ventilation) via rotation, enlargement or translation. After this registration has been done on 
the HERMES workstation, the two correlated images can be fused or combined for analysis of 
mismatch defects (Reinartz, Kaiser et al. 2006). 
2.6  Joint intensity histogram analysis 
A Joint intensity histogram (JIH) (Kita 2006) is a scatter plot based on the intensity value 
comparison of two registered images. The Joint intensity histogram is a tool for comparing 
images, with a wide variety of applications, not necessarily in the medical field. Each point of a 
JIH is created by comparison of a pixel intensity value in the first image against the 
corresponding pixel intensity value in the second image. Figure 2-5 illustrates a JIH that 
resulted from registered ventilation and perfusion images. If all pixel intensity values of these 
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two registered images perfectly match each other, it would result in a straight line distribution 
in the JIH.  
Differences between intensities of corresponding pixels in the two images result in points lying 
away from the identity line y≈x 
A further useful function of the JIH is that groups of points far from the well correlated y≈x 
distribution can be selected with an outlining tool and the responsible pixels highlighted in the 
original images. An example of how to use this function to indicate an intensity difference 
between ventilation and perfusion images is shown below. 
 
 
Figure 2-5 A Joint intensity histogram (JIH) scatter plot is created by ventilation and perfusion 
image intensity comparison. Defect positions are marked in the perfusion image (a & b) 
shown on the left hand side. These two defects correspond to selection A in the JIH on the 
right hand side. 
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In the perfusion model, 99mTc injected into a phantom with two defects produce low intensity 
regions (indicated a and b respectively), The Joint intensity histogram plotted for these two 
images shows that the intensity difference for these particular pixels causes a deviation of 
points far away from y≈x towards the ventilation axis rather than the perfusion axis (selection 
A). A non-uniform radioisotope distribution may be present in the ventilation image and 
resulting in a lower intensity value compared to the corresponding pixels in the perfusion 
image. This would cause a deviation away from the y≈x distribution but towards the perfusion 
axis rather than the ventilation axis. 
 
The JIH has been used for V/Q lung scans since 2002 (Itti, Nguyen et al. 2002). Schwarz, 
Kasparek et al. (2007) also used this technique to verify registration ability of brain images. 
2.6.1  Correlation coefficient of the Joint Intensity Histogram 
Correlation coefficients are commonly used for function comparison. This number reflects the 
degree of relationship between two variables, presented as values of “R” ranging from -1 to 1. 
In this project, it is hypothesized that the correlation coefficient of the Joint intensity histogram 
for ventilation-perfusion image comparison may be used to quantitatively assess them for 
differences. The better the pixels match in the intensity comparison the larger the correlation 
coefficient of their JIH. Lower correlation coefficient may indicate worse pixel intensity 
agreement between the two registered images, and may represent a defect in one of the 
phantom images. 
2.7  Summary 
The aim of this research project is to investigate whether the Joint intensity histogram for 
image comparison can aid in the detection of pulmonary embolism by ventilated and perfusion 
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imaging. In particular, whether this comparison can be assisted by a quantitative analysis tool 
such as the correlation coefficient, rather than relying on visual inspection alone.  
To develop the method based on data where the presence or absence of a mismatch or 
defect is known independently, experimental data is acquired by the design and use of a 
phantom. Experimental data is extended by computer simulation based on the Monte Carlo 
radiation transport simulation technique. 
The following chapters describe the design and construction of the phantom, the experimental 
procedure and results, and the computer modelling.  
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Chapter 3 Phantom development 
As outlined in Chapter 1, there is no single non-invasive method to detect pulmonary 
embolism (PE) with regard to both sensitivity and specificity; more investigations into 
ventilation and perfusion detection methods are needed. A method combining 
ventilation/perfusion (V/Q) with an alternate system which displays PE on screen would yield 
interesting results. Development of phantoms to study these methods is the first step towards 
success in this area. 
3.1  The determination of phantom dimensions and materials 
This section outlines the method used to obtain lung dimension data and to select materials 
that would be used to construct a phantom. It will include details on the items used for the 
construction of the phantom as part of this work. 
Heikkinen, Kuikka et al. (2006) claimed that artificially created phantoms were the most 
effective way to test equipment accuracy, verify new protocol in diagnosis and discern the true 
value of the parameters being measured. The purpose of this study was to construct a 
phantom that can be used to draw general conclusions. In order to develop a suitable 
phantom, a number of patient datasets were reviewed at St Vincent’s Hospital. 
3.1.1  Dimensions derived from patient data 
A total of twenty six patients’ X-ray scan images (Figure 3-1) and CT lung scans (Figure 3-2) 
were reviewed to measure lung height, width ,soft-tissue thickness and lung thickness  
The ruler function in Centricity Enterprise Web V2.1 was used to determine Lung height (in 
superior-inferior direction denoted by Lheight), Lung width (in left-right direction, Lwidth) and lung 
depth, Lthickness measured from CT slice are recorded in Table 3-1. The thickness of anterior 
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and posterior soft tissue surrounding each lung were determined from CT slices by a similar 
procedure and recorded in Table 3-2. Due to various body sizes, soft tissue varies more than 
lung height and width dimensions. These dimensions indicate that the average male’s lung 
dimensions are larger than females; however, surrounding tissue dimensions are larger for 
females than males. The phantom dimensions were chosen based on these data sets. 
 
 
Figure 3-1 Lung dimensions measured from patient inhalation coronal x-ray scan. A: lung 
height, and B: lung width  
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Figure 3-2 Tissue dimensions and lung thickness measured from patient CT scan a; right 
tissue thickness, b: left tissue thickness c: anterior tissue thickness, d: posterior tissue 
thickness and e: lung thickness 
Table 3-1 Average lung dimensions for both genders Standard deviation is calculated from 
26 patients 
Gender Lung Dimension 
 Lung Height 
(mm) 
Lung Width 
(mm) 
Lung Thickness 
(mm) 
Male Average 
(13 patients) 
175.1±5.5 93.6±4.3 65.0±5.9 
Female Average 
(13 patients) 
159.9±2.5 84.0±3.7 60.1±5.7 
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Table 3-2 Average tissue thickness of 26 selected patients for both genders Standard 
deviation is calculated from 26 patients 
 Right tissue 
thickness 
(mm) 
Left tissue 
thickness 
(mm) 
Anterior tissue 
thickness  
(mm) 
Posterior tissue 
thickness   
(mm) 
Male Average 
(13 patients) 
29.2±6.1 18.1±3.6 20.5±6.7 9.4±3.3 
Female Average 
(13 patients) 
31.2±10.2 20.8±6.5 23.3±6.4 12.0±1.2 
 
Variation in lung dimension as a result of respiratory phase during scanning may effect the 
final measured dimensions (Chang, Suh et al. 2010). Differences in lung dimension between 
inhale-exhale are shown in Table 3-3 for the right lung height only. Rexhale indicates the length 
of lung at exhale measurement, Rinhale indicates the length of lung at inhale measurement, and 
1- Rexhale/Rinhale indicates the percentage difference between exhale and inhale in this 
particular situation, 7.8% difference between inhale and exhale measurement. 
 
Table 3-3 Lung dimensions of inhale and exhale measurement of both genders 
Rexhale (mm) Rinhale (mm) 1-(Rexhale/Rinhale) 
198.5 205.6 3.7% 
157.2 175.3 10.3% 
147.8 163.2 9.4% 
 Average 7.8% 
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3.1.2  Choice of suitable components for lung phantom 
Several containers were considered as potential lung phantoms. A container normally used 
for syringe disposal was finally chosen for the lung phantom because its shape was closer to 
an actual lung than a normal cylinder (dimensions are shown in Table 3-4). The chosen lung 
phantom was compared with a cylindrical container to ascertain which of the two was more 
similar to an actual human lung (Figure 3-3). Additionally, it was possible to change the size 
and position of the defect within the container for different measurements. 
 
Table 3-4 Container physical dimension 
Region Dimension 
Upper-container section (tapered shape) 90mm x 65mm 
Lower-container section (tapered shape) 80mm x 60mm 
mean container dimension 85mm x 175mm x 62.5mm 
(Width x Height x Thickness) 
 
 
 
 
 
Figure 3-3 Two container types considered as lung components of the phantom. (a) plastic 
syringe disposal containers, and (b) cylindrical container. Also shown is a lung CT Slice 
image (c) (Roach, Gradinscak et al. 2010) showing that the syringe containers appear to the 
better suited than the cylinder. 
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3.1.3  Tissue surrounding the lung 
Simple geometrical shapes of polymethyl methacrylate (PMMA) were selected to resemble 
the surrounding soft tissue. This product has been used by many investigators (Rice, Mijnheer 
et al. 1988; White, Zwicker et al. 1996). 
After the phantom and surrounding tissue replacements were selected, a method to achieve 
normal lung density was also needed for consideration before the phantom could be 
constructed. 
3.2  Method to Find a Lung Equivalent Material 
In order to reduce the density below 1 g /cm³ and close to normal lung tissue density of 0.28 g 
/cm³ (Guenard, Diallo et al. 1992), a number of different materials were added to the phantom 
and their densities evaluated. Each material was mixed with water that would later be mixed 
with 99mTc solution. 
3.2.1  Comparison of three media for lung simulation 
Three test materials were chosen to be added to the phantom to reduce its density:  “combo 
foam”, “bean-bag balls” and “easy blow” polystyrene. All these materials are made of 
polystyrene foam, but with different densities. Bean-bag balls are a kind of polystyrene foam, 
which is a product for bean bag refill. Easy blow foam is also polystyrene foam used for sound 
insulation obtained from RMIT acoustic laboratory and combo foam is used to protect goods 
against external pressure packaging. 
One of the simplest ways to calculate the density of the three types of polystyrene foam filling 
was to put each of the materials into three equal volume cylindrical containers. The containers 
had the same volume (50ml), and almost the same weight of each material was put into each 
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container, with different amounts of water required to fill the air gaps between the foam. The 
formula ρ =m/v was used to calculate the density of the different materials in the container 
(Table 3-5). The material with the density closest to that of the lung (0.28 g/cm³) was chosen 
as the material used for the lung section of the phantom. 
 
Table 3-5 Media density for lung simulation calculated via simple density law. The mass of 
the container is subtracted from each calculation. 
 Bean bag balls 
(g) 
Easy blow foam 
(g) 
Combo foam  
(g) 
Mass (without water)  16.3  15.2 16.5 
Mass (with water) 33.7  61.7  39.6 
Density of the mixture 
(g/cm³) 
0.34  0.93 0.46  
 
The results in Table 3-5 show that the densities of the containers filled with bean bag 
balls or combo foam were greater than the Guenard, Diallo (1992) cited lung density 
of 0.28 g/cm³, but still more closely resembled real lung density than the easy blow 
foam or water alone. 
3.2.2  Distribution of 99mTc into lung containers 
Various methods were tested to provide a uniform distribution of the 99mTc liquid injected into 
the phantom containers. The preferred method was to inject the radionuclide into a large 
water container, and to inject this radioactivity mixture in different directions using long 
syringes, as shown in Figure 3-4. 
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Figure 3-4 Injecting radioactive 99mTc solution into a phantom to achieve uniform distribution 
within artificial phantom 
Injected radioisotopes distributions within three cylindrical containers filled with various 
polystyrene foam are shown in Figure 3-5 (a). The left image indicates the best radioisotope 
distribution, the middle one shows higher radioactivity distribution than the other two. The total 
activity in this container is higher because ‘easy blow foam’ has more space between the 
foam piece and therefore required more Tc solution to filled the container. The right 
distribution image shows a similar radioisotope distribution as the left, but with a liquid gap 
present at the bottom of container. This is apparently due to the combo foam ‘floating’ in the 
container Figure 3-5 (b) shows the same thing happening when this material was placed in a 
pair of the chosen lung containers. 
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Figure 3-5 a) Obtained radioisotope distribution in three small cylindrical containers, the left 
container (A) was filled with ‘bean bag ball’ the middle container (B) was filled with ‘easy 
blow’, and the right container (C) with ‘combo foam’. b) Image of combo foam in a chosen 
lung container, Both of the combo foam containers have a foam ‘floating’ at the bottom, 
(circled) 
 
Based on these density and radioisotope distribution comparisons, each choice of material 
had its own advantages and disadvantages to be described below. 
3.2.3  Advantages and Disadvantages Of Each Material 
Bean-bag balls: 
Advantages: 
1) It enables a uniform distribution of foam and 99mTc solution in the small cylinder when these 
balls were used to fill the container. 
2) Readily available. 
3) Convenient shape for filling irregular containers 
Disadvantages: 
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Inconvenient to handle-easily spilt and electro statistically attracted to many surfaces. Makes 
pouring into containers difficult. 
Easy Blow Foam:  
Advantages: 
1) Radioactive solution can spread around uniformly in the container and thus reduce 
the risk of a higher amount of radioactive material at the bottom than in other areas. 
2) Easy to cut into any shape. 
Disadvantages: 
1) More water is needed to fill up the container with this material compared to the 
other materials. This results in a higher density of the mixture in the container than for 
the other two materials. 
 
Combo Foam: 
Advantages 
1) Easy to cut into any size 
Disadvantages 
1) The polystyrene easily float when the container is filled with water and it is difficult to obtain 
a uniform distribution. 
2) More water is needed to fill the gaps with this material than bean bag balls 
Finally, the bean bag ball polystyrene’s disadvantages are not critical and these 
disadvantages will not affect image quality as much as the other two mixtures. A mixture of 
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water with bean bag balls was chosen as a suitable material to act as a lung tissue substitute 
in the container. 
3.2.4  Defect simulation 
The experimental phantom required a defect to be simulated within the lung region. i.e. a 
region which would not be ‘perfused’ with the 99mTc solution when it was added to the 
container. Simulated defects were made by melting candle wax over polystyrene foam balls. 
The wax prevented water entering the object, while the polystyrene retained a low density. 
Placing a wax ‘defect’ into a phantom, lung container created a ‘void’ of activity representing a 
perfusion defect in a clinical image. 
In summary, a mixture of water and polystyrene foam balls in a container is considered to 
resemble lung tissue. A defect was simulated by melting wax over the polystyrene balls and 
PMMA slabs were used to represent the surrounding soft tissue, e.g. chest wall. 
3.2.5  Intensity comparison of each material 
To select appropriate thickness of phantom materials to represent lung and soft tissue 
thickness, radiological transmission was compared. 
Figure 3-6 plots photon transmission intensity through different media: polystyrene foam and 
water mixture photon transmission compared to lung tissue and PMMA photon transmission 
compared to soft tissue up to four centimetres thick via simple attenuation law. Mass 
attenuation coefficient of each material is cited from (ICRU 1989). 
Based on the 26 patients’ datasets reviewed in 3.1.1, and container dimensions given in 3.1.2, 
the PMMA dimensions are chosen from Figure 3-6, in order to obtain similar photon 
transmission to resemble soft tissue. 
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3.3  Phantom construction 
The phantom was assembled by surrounding the ‘lung’ containers with different thickness of 
PMMA slabs, to represent the tissue thickness measured in section 3.1.1. A 22 mm thick slab 
of PMMA was added at the front to simulate anterior tissue proximal to the imaging plane, 
above two low density ‘lung’ containers surrounded by 33 mm PMMA on the right and 22 mm 
on the left to mimic left and right soft tissue. On the other side of the phantom, an 11 mm thick 
slab of PMMA was used for back scattering. 
To simulate a ‘ventilation’ scan, lung containers were filled with bean-bag balls (diameter 
2-3mm) and water/99mTc solution. To resemble perfusion scanning, one of these containers 
had a wax ‘defect’ placed inside before being filled with the polystyrene balls and then 99mTc 
solution. Tape was put around the phantom to secure it during the imaging process. The 
experimental setup is shown in Figure 3-7. 
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a)  
 b)  
Figure 3-6 (a) The attenuation of 140 keV photons in PMMA and soft tissue. 1.1 cm of tissue 
is equivalent to Approximately 1.2 cm of PMMA. (b) A comparison of the attenuation of 140 
keV photons in lung tissue and in the lung surrogate (polyethylene and water mixture). 
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Figure 3-7 A phantom set up in this study, a defect located at the bottom left of the right lung 
representing a perfusion scan. The dimensions of the phantom are: a=175 mm, b=90 mm 
and c=62.5 mm, 
 
3.4  Conclusion 
A phantom was constructed by reviewing twenty six patients’ dataset to obtain appropriate 
dimensions. Materials were selected to resemble the density and radiological attenuation of 
biological tissues. Polystyrene bean bag balls were chosen to fill the phantom to achieve a 
lower density than using water alone. The results of perfusion and ventilation images of the 
phantom are evaluated in the next chapter. 
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Chapter 4 Experimental methods and results 
In order to test the detection accuracy of the Joint intensity histogram analysis via correlation 
coefficient, several experiments were performed and analyses undertaken related to different 
cases and are described in this chapter. 
The first experiment used two phantoms to verify the three materials (soft tissue, lung 
container and PMMA) unity. The other two experiments illustrated in this chapter were used to 
investigate how well different size defects can be detected in a lung phantom in two different 
scenarios. They will be presented here in the order in which they were completed. 
4.1  Validating the phantom scanning process 
4.1.1  Introduction 
In order to test the scanning procedure on the phantom model, a phantom was assembled 
with two large defects inside one of the lung containers to resemble a pulmonary embolism. 
Two lung containers were scanned by a single planar camera in four directions. The scan 
results were transferred to HERMES for registration and a Joint Intensity Histogram (JIH) was 
plotted. The correlation coefficients of this JIH were compared to no-defect results. 
4.1.2  Phantom Setup 
Figure 4-1 illustrates a single lung phantom container placed on a camera couch with a cotton 
absorption cloth underneath which was used to absorb any radioactive liquid leaking from the 
phantom, and to minimize damage to the facility. A scanned distribution view of this phantom 
is visible on the left computer screen. A 2cm thick piece of PMMA slab was put between the 
phantom and the single planar camera to represent some soft tissue surrounding the lung. 
This single lung phantom was acquired to confirm suitability of the activity of 99mTc and the 
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resulting count rate in the imaging system before proceeding with the complete two lung 
phantom. 
 
  
Figure 4-1 A single lung phantom container containing two defects being scanned by single 
planner detector at St Vincent’s Hospital 
 
4.1.3  Scanning progress 
A 90 MBq 99mTc mixture with 550 ml water was injected into the phantom. The solution was 
injected while inserting the syringe to different depths and at different angles to obtain a 
uniform distribution as the phantoms cannot be shaken or stirred after filling (to avoid leakage). 
The density of this phantom was 0.36 g/cm3. During this scanning process, a low-energy and 
all-purpose (LEAP) collimator was used. Simulated ventilation and perfusion images in the 
combination of anterior (ANT), left anterior oblique (LAO), right anterior oblique (RAO), and 
posterior (POST) static views were taken. An outline of the contour of the lung container was 
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drawn manually against paper attached to the surrounding PMMA. This procedure ensured 
phantom position reproducibility. The two phantom set-ups are shown in Figure 4-2. The top 
four images represent ventilation without defects within the phantom, and the bottom four 
represent perfusion where one of the ‘lungs’ was replaced with one containing two defects, 
one at the top, and the other at the bottom. The relative positions of the defects in the 
phantom are indicated in Figure 4-2 with markings on the containers (outlined on the posterior 
view). 
 
 
Figure 4-2 Ventilation and perfusion phantoms setup in the experiment in four scan viewing 
angles: ANT= anterior, LAO=left anterior oblique, RAO=right anterior oblique and POST= 
posterior. The top row of images represent ventilation images (no defects), the bottom row 
include defects to represent perfusion images with pulmonary embolism. 
 
Ventilation scanning was completed when 300,000 counts were displayed on the computer 
screen. The ventilation phantom was replaced with the phantom containing the defects, and 
perfusion image was acquired. This perfusion image was completed when 600,000 counts 
were displayed on computer screen. The scanning process requires approximately twenty 
minutes. Results are shown in Figure 4-3 in four different static views. 
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Figure 4-3 Ventilation and perfusion scanning images in the experiment in four viewing 
angles: ANT=Anterior, RAO=Right Anterior Oblique, LAO=Left Anterior Oblique and 
POST=Posterior. The top row of images represent ventilation images (no-defects), the 
bottom row include defects to represent perfusion images with PE 
4.1.4  Results 
4.1.4.1 Defect visibility on registered images 
The visibility of the defects inside these containers based on four projections is represented in 
Figure 4-3. The panels on the top row represent four directions of ventilation image performed 
on the phantom, the perfusion images of the phantom are shown in the bottom row. The 10 
cm³ and 5 cm³ defects are seen clearly in all projections. Although, the edges of the defects 
were blurred in both LAO and RAO directions, nevertheless, the contour can still be seen. 
4.1.5  Registration 
The scanned ventilation and perfusion images were transferred to the HERMES workstation 
for registration and analysis. 
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The registration process keeps the ventilation image contour as a “reference”, transforming 
the perfusion image into a new dataset relative to the reference. This was checked visually 
and proved to be precise in all cases. Intensity normalization and image alignment (see 
2.5.2.1 and 2.5.2.2) were completed for ventilation and perfusion images. 
4.1.6  Further analysis using JIH 
A JIH was plotted to measure the correlation between ventilation and perfusion images in all 
static views (Figure 4-4). Having two large defects present caused clear deviation from the 
unity gradient line; the significantly deviated areas may correspond to the volume of the 
defects in the phantom. 
In Figure 4-4, The correlation coefficient, r, related to anterior plotting was 0.79. The 
coefficient increased to 0.86 and 0.88 for left anterior oblique and right anterior oblique static 
views respectively. This slight difference may indicate the anterior static view more effectively 
detects a defect than the LAO and RAO static view and have higher sensitivity to the defects 
present in this model (Figure 4-5). The coefficient is 0.81 for posterior view. The JIH plots for 
the case where no defect is present are given in the bottom row of Figure 4-4 for these four 
views. The correlation coefficient, R=0.93 in each case, giving an indication of the effect of 
random noise alone on the correlation coefficient, and the size of the shift in R due to these 
large defects. 
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Figure 4-4 Joint intensity histogram of the phantom with two defects (top row) compared to 
lung with no defects (bottom row) in anterior (ANT), left anterior oblique (LAO), right anterior 
oblique (RAO) and posterior (POST) respectively. The correlation coefficient, r of each plot is 
shown. 
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Figure 4-5 Correlation coefficient comparison between no-defect (ventilation) and with 
defects (perfusion) at four static views 
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4.1.7  Discussion and conclusion 
Two wax defects were put into the phantom in different positions. The JIH method 
successfully demonstrated a difference between arrangements with and without defects via 
the correlation coefficient. In the Figure 4-3 images some ‘floating’ of the foam can be seen. It 
appears as a region of higher activity at the bottom of the containers where more 99mTc 
solution is present. This bright region appears to be pronounced in the container with the 
defects which were fixed in place with tape and molten wax. This brighter area may affect the 
JIH plotting, but will appear as points closer to the perfusion axis rather than the ventilation 
axis as is the case for perfusion defects. 
4.2  Results for small defects of various sizes in different positions 
4.2.1  Introduction 
Eight static images were studied to investigate how well this method could be used to find 
defects in a lung. Five defects of different sizes were placed in various positions in a lung 
container to see which ones were visible in each of the eight standard viewing directions (See 
Figure 4-6). The mismatch selection tool allows the user to select regions of points in the JIH 
(e.g. those away from y≈x). The responsible pixels are highlighted in the ventilation and 
perfusion images (described in detail in section 4.2.4.3). 
 
4.2.2  Phantom setup and defect dimensions 
One of the containers was filled with five defects of varying positions and sizes to simulate 
various possible embolisms within the lung (Figure 4-6). The defect sizes are 20.5 cm³, 10.1 
cm³, 7.8 cm³, 5.6 cm³, and 3.1 cm³. The other two phantoms were without defects inserted to 
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resemble ventilation scanning. The relative positions of the defects in the phantom are 
indicated in Figure 4-6 as circles and a rectangle 
 
 
Figure 4-6 A container setup in the experiment in eight scanning viewing angles to represent 
perfusion images with pulmonary embolism: ANT= anterior, LAO=left anterior oblique, LPO= 
Left Posterior Oblique, POST= posterior, RAO=right anterior oblique, RPO=Right Posterior 
Oblique, SIN= Left and DEX=right. The five defects in the left lung container are indicated. 
Note: the wide end of the containers-uppermost in these photographs represents the inferior 
end of lungs. 
 
4.2.3  Scanning process 
A Hawkeye Infinia Gamma Camera with Low Energy All Purpose (LEAP) collimator (Figure 
4-7) was used to acquire ventilation and perfusion scintigraphy images of a water and 
polystyrene mixture phantom injected with 99mTc. A planar gamma camera scan was done in 
both ventilation and perfusion using 128 x 128 pixels; the total acquisition time for both 
scanning and processing was 23 minutes. All phantoms were in supine position for this 
measurement. Ventilation scans were completed when 300,000 counts were obtained. The 
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ventilation phantom was replaced with the defect phantom and perfusion scanning was 
started. The perfusion scanning was completed when 600,000 counts were obtained. An 
activity of approximately 90 to 95 MBq of 99mTc was injected into each phantom. 
 
  
Figure 4-7 Dual head Hawkeye Infinia Gamma Camera used at St Vincent’s Hospital to 
obtain series V/Q scanning. 
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Table 4-1 Activity of 99mTc injected into each phantom, and calculated density for each 
phantom lung used in this experiment 
Phantom Activity of 99mTc 
injected into each 
phantom (MBq) 
Density 
(g/cm3) 
Right “ventilation” phantom (No defect) 89.5 0.35 
Left “ventilation” phantom (No defect) 88.5 0.32 
Right “perfusion” phantom” (5 defects) 95.3 0.40 
 
The eight standard views were inspected for visibility of one or more of the defects and 
analysed using the JIH. While only planar projections were used for this part of the experiment. 
The full 3-D SPECT reconstruction was later used to generate the voxel model for Monte 
Carlo simulations. 
4.2.4  Results 
4.2.4.1 Defect visibility in eight static views 
The eight gamma camera views of each of the ventilation and perfusion arrangements are 
shown in Figure 4-8. Results were recorded according to how many defects were visually 
seen in any static direction. Generally, the number of defects that can be detected depends 
on the location of the simulated defects. The visual inspection of the defects inside the 
container using various projections is presented in Table 4-2. The 20.5 cm3 defect positioned 
hard up against the lid of the container was not seen well in all projections. However, the 10.1 
cm³ were seen when they were situated laterally in the insert, 7.8 cm³ defects were slightly 
harder to find as expected. The 5.6 cm³ defect was seen in half of the projections, and the 
smallest defect 3.0 cm³ was not seen in any of the eight projections. In some projections, (e.g. 
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SIN, LAO and LPO), some non-uniformity can be seen in the form of a bright vertical stripe. 
This is due to some floating of the foam in the container; note that for these scans, the 
container was lying down on its long side (i.e. supine position). 
 
 
Figure 4-8 Ventilation and perfusion scanning images in the experiment in eight viewing 
angles: ANT=Anterior, LAO=Left Anterior Oblique, LPO=Left Posterior Oblique, 
POST=Posterior, RAO=Right Anterior Oblique, RPO= Right Posterior Oblique SIN=Left and 
DEX=right The top two rows of images (a) represent ventilation images (no-defects) (300,000 
counts), the two bottom rows (b) include defects to represent perfusion images with PE 
(600,000 counts) 
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In the ANT, POST, RAO and SIN views only two of the five defects in the ventilation/perfusion 
scanning were detected, only defects bigger than 7.8 cm³ are well inspected. On the other 
hand, in the LAO, LPO and RPO views, three of the five defects can be detected in this 
analysis where the defect volume is not smaller than 5.6 cm³. The sensitivity of detection is 
worst in DEX side static view (Table 4-2). This is to be expected due to these views having the 
greatest transmission path length for photons as well as the two lungs being superimposed in 
the images.  
 
Table 4-2 Defects that can be observed in eight projection directions 
Individual defect volume (cm3) Type of 
static view 
Number 
of 
defects 
visible 
3.0 5.6 7.8 10.1 20.5 
POST 2 N N Y Y N 
RPO 3 N Y Y Y N 
LAO 3 N Y Y Y N 
ANT 2 N N Y Y N 
LPO 3 N Y Y Y N 
RAO 2 N N Y Y N 
DEX 0 N N N N N 
SIN 2 N N Y Y N 
 
4.2.4.2 Further analysis using JIH 
In Figure 4-9, JIH of the data are shown which present the measured correlation between 
ventilation and perfusion images in all static views. The darkened sections in Figure 4-8 
showed the areas that were not perfectly registered from perfusion and ventilation images. 
These unregistered areas are sources of deviation from the unity gradient line in the JIH. The 
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other grey sections are well matched in ventilation and perfusion images, and their pixel 
intensity value at each position corresponds to the linear gradient line in the JIH. The brighter 
sections on the top or around the phantom are non-uniform effects, these non-uniform effects 
could affect detection visibility, and most of these non-uniform effects deviated from the unity 
gradient line, towards the “perfusion” axis. 
 
 
Figure 4-9 Joint intensity histogram of the phantom with five defects in anterior (ANT), left 
anterior oblique (LAO), left posterior oblique (LPO), posterior (POST), right anterior oblique 
(RAO) right posterior oblique (RPO),left (SIN) and Right (DEX) respectively. The correlation 
coefficient, R of each plot is shown. A no-defect JIH plot is also shown (b) with correlation 
coefficient R=0.965 
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4.2.4.3  Using Joint intensity histogram to identify sources 
of mismatch 
The JIH can also find sources of mismatch by selecting sets of points in the JIH that deviate 
from y≈x. This selected region corresponds to pixels from the two compared images, and the 
source of the intensity value mismatch can be highlighted in the images. Figure 4-10 shows 
an example of mismatch in this study of LAO static view. In selected deviation regions (a) and 
(c) the deviation refers to a defect positioned at the middle of container and the top (See (i), 
(iii)). The selected deviation area (b) refers to non-uniformity distribution around container 
edge (see (ii)). The selected deviation area (d) refers to air gap between two containers. (see 
(iv)). This may affect JIH plotting, and get a low correlation coefficient of its JIH. Region (c) 
corresponds to a cluster of pixels in the V/Q images, which resembles a perfusion defect, but 
cannot be a perfusion defect, because these points in the JIH are biased towards the 
perfusion axis. A perfusion defect would result in pixels with a high ventilation intensity and 
low perfusion intensity and therefore would be skewed toward the ventilation axis.  
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Figure 4-10  The selected deviation region away from y≈x (a) corresponds to two defects in 
the middle of container (i). The selected deviation region (b) corresponds to non-uniformity 
around edge (ii). The selected deviation region (c) corresponds to non-uniform Tc distribution. 
The selected deviation region (d) corresponds to the air gap between two lung containers. 
 
 
4.2.5  Discussion and conclusion 
Among these eight projections that were scanned and analysed both by visual inspection and 
via the JIH, different views have different sensitivity to the defects present in this model. A 
non-uniformity or a defect mismatch in a container can be reviewed from JIH by using outline 
tool and the responsible pixels highlighted in the original. This can help the decision about 
whether it is due to defect or other mismatch. 
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4.3  Sensitivity of JIH to defect size 
4.3.1 Phantom setup 
The phantoms were mounted vertically in front of the planar gamma camera, and 
approximately centred vertically within the camera’s field of view. A 22 mm thick PMMA slab 
was put in front of the phantom to represent the surrounding soft tissue. Dimensions of each 
defect put into separate phantom are shown in Table 4-3 and the relative positions of the 
defect in the phantom with different sizes are indicated as a pink circle (see Figure 4-11). 
 
Table 4-3 The sizes of defects used in the phantom representing four different sizes of a 
single mismatch 
Defect size  
Width 
(cm) 
Diameter 
(cm) 
Volume  
(cm3) 
0.5 1.5 0.88 
1 1.5 1.76 
1.4 1.5 2.47 
2.0 1.5 3.53 
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Figure 4-11 A container setup in the experiment in two scanning viewing angles to represent 
ventilation (no-defect) (a) and perfusion scanning (with defect) (b) at both ANT (Anterior) and 
POST (Posterior views). 
4.3.2  The scanning and registration process 
Approximately equivalent concentrations of 99mTc solution were injected into each phantom 
and scanned by a planar gamma camera in two directions only- anterior and posterior. After 
these four phantoms were scanned, registration of ventilation and perfusion images from a 
fifth phantom without a defect was performed using described methods (intensity 
normalization and image alignment). Figure 4-12 illustrates various sized defects that were 
scanned by a planar gamma camera in the anterior and posterior views. The 2.47 cm³ and 
3.53 cm³ defects were seen clearly in both anterior and posterior projections. 0. 88 cm³ and 
1.76cm³ defects were harder to discern in both views as expected. 
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Figure 4-12 Ventilation and perfusion scanning images in the experiment at two viewing 
angles: ANT=Anterior and POST=Posterior The top row of images (a) represent ventilation 
images (no-defects), the bottom row (b) include four of defects various sizes to represent 
perfusion images with PE (the size of defect in the container are: (i) 0.88 cm³, (ii): 1.76 cm³ 
(iii): 2.47 cm³ and (iv):3.53 cm³ 
4.3.3  Further analysis using Joint Intensity Histogram 
Some ‘floating’ of the foam can be seen at the bottom of the container most pronounced in 
Figure 4-12 (iii). It appears as a region of higher activity where more 99mTc solution is present. 
This brighter area affects the JIH plot, but will appear as points closer to the perfusion axis 
rather than the ventilation axis as is the case for perfusion defects. Figure 4-13 shows a plot of 
JIH related to each size of defect in each phantom in two directions (i.e. anterior and 
posterior). The deviation towards the perfusion axis for the 1.5 cm/ 2.47 cm3 defect case, due 
to floating, can clearly be seen. The correlation coefficient for this plot is lower as a 
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consequence. Refer to Figure 4-14, in both static views, the correlation coefficient of 0.5 cm 
size defect (0.88 cm³) was close to that of the no defect case(r=0.975). That means this size 
of defect at this particular point was the hardest one to detect in this scanning process. Figure 
4-4 shows the trend of the relationship between defect size and correlation coefficient of the 
JIH. Note that the 1.5 cm/ 2.47 cm3 case affected by floating has been excluded. 
 
 
 
Figure 4-13 Joint intensity histogram of the container with one defects at four various sizes (a) 
compared to containers with no defects (b) in anterior (ANT) and posterior (POST). The 
correlation coefficient of each plot is shown. 
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Figure 4-14 Correlation coefficient comparison between no-defect (ventilation) and with 
defects (perfusion) at two static views (anterior and posterior) of three different size defects. 
 
4.4  Conclusion 
A study investigating the use of the in-house phantom for detecting simulated embolisms of 
different sizes and in different positions using ventilation and perfusion scanning was 
performed in this chapter. The results were analysed using both visual inspection of 
registered images and measured correlation coefficient in JIH. Left Anterior Oblique (LAO), 
Right Anterior Oblique (RAO) and Right Posterior Oblique (RPO) are the three static views 
that can detect most defects in the lung by visual inspection. Compared to zero defect 
correlation coefficient (ventilation), when the defect volume ≥ 3.53 cm3 this correlation 
coefficient comparison method clearly can be used (being significant in a statistical sense) to 
detect an embolism presented in the corner of the container. 
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Chapter 5 The utility of the JIH correlation coefficient for 
defect detection: evaluation via Monte Carlo simulations  
This chapter concentrates on simulated ventilation and perfusion (V/Q) lung scanning to 
detect simulated pulmonary embolism (PE), applying the EGSnrc radiation transport code. 
The objective is to determine whether simulated pulmonary embolisms can be detected and 
to differentiate between the size, position and number of defects by the comparison of 
simulated ventilation and perfusion JIH correlation coefficients. To achieve these outcomes, 
Monte Carlo simulation methods were used as described in this chapter. 
5.1  Monte Carlo simulation 
Monte Carlo (MC) simulation is a very successful technique for evaluation of experimental 
systems and parameters. This simulation method is often used when the actual experiment is 
complex, or involves more than a couple of uncertain parameters, and it is useful for medical 
imaging problems (De Felici, Felici et al. 2005; Mainegra-Hing and Kawrakow 2006; Strigari, 
Menghi et al. 2006). 
5.1.1  Electron gamma shower 
Electron Gamma Shower Version 4 (EGS4) is a computational program that can simulate 
photon and electron interactions within matter for particles with energy above a few keV up to 
TeV in arbitrary geometries (Nelson, Hirayama et al. 1985). The code used in this early 
version is described in SLAC-20 (Ford and Nelson 1978).  
EGSnrc is a new and significantly modified version of EGS4, which incorporates a variety of 
additional features that have been developed by Namito et al. (1993; 1994; 1995; 1998). The 
evolution of EGSnrc together with other utilities that were developed to enable easy modelling 
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of standard geometries, and standard outputs such as dose and photon spectra, widely 
considered to be one of the most accurate MC codes in the world for the simulation of electron 
and photon transport. 
5.1.2  EGSnrc utility codes 
In this work, EGSnrc was combined with other utility programs for the Monte Carlo simulation 
of radiation distribution through mathematical phantoms, generating representative ventilation 
and perfusion images. The other programs used and modified in this project are: 
 PEGS4: the prepocessor for EGS is a stand-alone utility program (Cook 1983). 
Its purpose is to generate material outputs that can be directly used by EGS 
(Nelson, Hirayama et al. 1985). 
 CTCREATE is a stand-alone program which converts CT data (DICOM format) 
into media type and density matrices needed for DOSXYZnrc to do a simulation 
(Walters, Kawrakow et al. 2004). In this work, specialised material conversion 
ramps were developed and employed. 
 DOSXYZnrc is a general-purpose Monte Carlo EGSnrc user code for 
3-dimensional absorbed dose calculations in rectilinear geometries (Kawrakow 
2000; Kawrakow and Rogers 2000). This program simulates the transport of 
photons in a simulated phantom (obtained from CTCREATE) and scores the 
dose deposition in the designated voxels (Walters, Kawrakow et al. 2004). The 
energy cut-off determines whether photons keep going or terminate and deposit 
energy in the current region (Walters, Kawrakow et al. 2004). In DOSXYZnrc, the 
time required for the whole simulation process is strongly dependent on the 
value of energy cut-offs and thus it is important to set it as high as possible 
without introducing unphysical biases. 
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 FLURZnrc calculates the fluence of different particles in a cylindrical geometry  
(Rogers, Kawrakow et al. 2005). In this work, the fraction of 140 keV photons 
transmitted through a collimator were calculated by FLURZnrc. 
5.2  Modelling ventilation and perfusion images 
5.2.1  Introduction 
Simulating V/Q imaging requires modelling of the phantom; this has been done by translated 
DICOM images of the actual phantom into voxel matrices that can be used in the simulation. 
To determine the radioisotope distribution in the phantom, in the case of perfusion, the source 
distribution is modelled by starting photons in lung tissue regions, except for the regions 
identified as ‘defect’. In the case of ventilation, the source distribution is modelled by the 
whole lung. The collimator of the gamma camera is modelled implicitly using an angular 
transmission probability function to improve calculation efficiency. The Gamma camera is 
simulated by recording dose deposited in the imaging panel (NaI) that would be accepted by 
the real camera’s energy window.  
5.2.2  Generating the voxel model of the phantom 
X-Ray Computed Tomography (CT) was used to image the experimental phantom to obtain 
accurate spatial information and relative densities of materials used in the phantom (Wells, 
Davis et al. 1994). Using the CTCREATE utility program, these images were converted 
directly into input files for EGS that describe voxelated geometry with all the required 
materials and mass density information derived from the phantom. Figure 5-1 shows one CT 
‘slice’ image of the phantom used to generate the model of the phantom. The input file for 
CTCREATE is given in Appendix 1 to show the conversion details. 
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Figure 5-1 One of DICOM images used in the simulation from experiment  
P: PMMA, A: Air, L.L: Left Lung, and R.L: Right Lung 
An image analysis program called Image J (Tony 2007) was used to view the greyscale 
values in the image which correspond to CT numbers (or Hounsfield Units) of the CT scan. 
The Grey scale values are not identical to Hounsfield Units because Image J renormalises 
pixel values to positive integers. 
The ranges of pixel values corresponding to the materials present in the phantom were 
identified, and the conversion ‘ramp’ between materials and pixel values is shown in Table 5-1. 
These conversions were used to assign a material to each voxel when the CT image was 
converted into a Monte Carlo model. Each material has a unique density which is assigned to 
each voxel identified with a particular material. 
 
 
 
 
68 
 
Table 5-1 Material types were assigned according to pixel values obtained via CT 
Material Pixel values Density  
(g/cm³) 
Air 0:45 1.20E-03 
Polystyrene mixture with Water  46:700 0.40 
PMMA 701:1000 1.19 
Carbon fibre 1001:1250 1.78 
NaI 1251:1500 3.67 
 
The CT images have quite high resolution, featuring a pixel size of 0.5 x 0.5 mm2 in a 512 x 
512 pixels image. The Monte Carlo model of the phantom has voxel dimension of 5.2 x 5.2 
mm2. Thus the model does not have the same resolution as the CT image. 
5.2.3  Modelling the source distribution in the phantom 
5.2.3.1 Ventilation imaging  
The source distribution was modelled as a uniform isotropically radiating volume within the 
simulated phantom (Harris, Bailey et al. 2008). Ventilation image simulation is achieved by 
initiating photons in voxels corresponding to the lung tissue. However, in the clinical situation, 
the varying influences of gravity, blood flow and posture during scanning, exhibits a 
heterogeneous radioactive distribution through the lungs. As the influences of these factors 
cannot be accurately predicted, they are difficult to replicate in simulated models. 
5.2.3.2 Perfusion imaging 
A more complex activity distribution is required within perfusion simulation. A defect defining 
code that enables the position and size of the abnormalities within the phantom to be 
determined was written and is shown in Appendix 2. The perfusion model with a defect is 
69 
 
simulated by assigning a different material type (wax, to match the experimental arrangement ) 
to the voxels corresponding to the defect region, thus no photons are initiated in these voxels. 
However, other areas in the phantom which do not include any defects (i.e. ‘healthy’ lung) are 
the same as the previous ventilation simulation, and thus do generate photons. 
In the MC simulations, due to the cubic nature of each voxel, it is impossible to create a defect 
with exactly the same length, cross sectional area, and volume as the experiment defects 
which are typically cylindrical. As such, the volume was chosen as the most suitable 
parameter to be maintained constant for replication of experimental conditions. Table 5-2 
illustrates the volume difference between experiment and simulation. 
 
Table 5-2 Simulated defect dimension compared to the defect used experimentally. The 1.0 
and 2.0 cm length defects are the best two defects simulated in this project compared to 
actual experiment. 
Defect Length x 
diameter    
(cm) 
Experiment 
defect volume 
(cm³) 
Simulated defect 
volume  
(cm³) 
Volume  
difference  
(%) 
2.0 x1.5 3.53 3.37 4.51 
1.5 x1.5 2.65 2.81 6.09 
1.0 x1.5 1.76 1.68 4.51 
0.5 x1.5 0.88 0.56 36.3 
 
 
After a large number of photon histories have undergone various processes within the 
simulated phantom, the simulated collimator may stop photons emitted from the source, i.e. 
the detector only records the photons which travelled almost perpendicularly to the collimator. 
This is a source of inefficiency, which is addressed in the following section. 
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5.2.4  Collimator simulation 
Modelling the collimator accurately is complex. If it were attempted, the inefficiency of the 
process would result in very long calculation times and statistically poor results. Therefore, the 
function of the collimator was simulated by approximating the transmission distribution of 
photons through it.  
Photons that are incident on the collimator at an angle are expected to undergo significant 
scattering in the lead septa before ultimately being absorbed. The transmitted photon may 
vary in incidence angle, however, the relationship between incident angle and fractional 
transmission is not simple.  
Figure 5-2 shows three photons with two different incidence angles incident on a collimator. 
Photon incidence on collimator with a larger angle γ may intercept more septa than the photon 
with close to normal incidence angle α and β (where α=β), indicated by photon (1) in figure 5-2. 
However, the photons with incidence angle α and β could have two very different outcomes: 
photons pass through air holes with high probability of transmission (2) or pass through lead 
with low probability of transmission and may be blocked by the collimator (3).  
For these reasons, a simple analytical description of transmission probability as a function of 
angle is not possible. Thus, the path of photons through alternating air holes and lead septa 
as a function of angle, and the fraction of 140 keV photons transmitted through the collimator 
were modelled to simulate the function of collimator. This was done by simulating the fluence 
through Pb-air-Pb annuli, evaluated with FLURZnrc. The dimensions of the annuli were 
chosen based on equivalent geometries of the genuine collimator. The fluence was scored as 
a function of angle. 
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Figure 5-2 Three different cases of photons passing through the collimator. A simple angular 
selection rule is not appropriate, 1) when photons are incident on a collimator at a large angle, 
the photons travel through a smaller Pb thickness, but intercept more septa, 2) when photons 
are incident at a small angle α=β on an air hole, it would have a high probability of 
transmission, however, if incident on Pb (3), it would have a low probability of transmission. 
Table 5-3 shows photons with different example incidence angles on a collimator as in the 
previous described scenario. Llead indicates the length of photon path in the lead, and Lair 
indicates the length of photon path in air, and I/Io indicates the fraction of photons transmitted 
through collimator calculated via simple attenuation laws over the combined path length. 
The 1°and 3° degree cases show that significantly different transmission probability occurs 
depending on the position on the collimator that the photon enters. The path length through 
Pb can be quite different. The true transmission probability is a complicated combination of 
different paths. 
1)    2)   3) 
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MC simulations were conducted for a range of incident angles, where a broad photon beam 
was applied to the collimator described above in Figure 5-2. The resulting transmission 
fractions T are shown in the last column of Table 5-3 and can be seen to be different to the 
simple analytical predictions. 
 
Table 5-3 140 keV photons incident on collimator at various incidence angles. 
Incidence angle Analytical Monte Carlo 
θ (degree) Llead (cm) Lair (cm) I/Io(%) Transmission 
(%) 
0 0 3.5 0.99 94.95 
1.145 2.35 4.29E-12  1 
0 3.5 0.99 51.54 
2 0.57 2.92 2.06E-06 10.78 
0.38 3.12 0.0001  3 
0.76 2.74 2.62E-08 0.002 
4 0.57 3.22 2.05E-06 0.004 
 
The zero degree incidences (normal to the collimator) is clearly the most effective incidence 
angle for transmission through the collimator, (approximately 95% transmission). There is a 
predictable trend for the fraction of photons (with original energy) passing through the 
collimator at larger incidence angle- the larger the incidence angle, the more lead septa and 
the lower the probability of photon transmission. The full Mc simulated transmission results 
are shown in Figure 5-3 for 26 angular intervals between 0° to 4°.This relationship was then 
used as a look-up table to apply a probability of the photon being absorbed in the collimator 
and not reaching the camera NaI layer. The code for this functionality is provided in Appendix 
3. 
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Figure 5-3 Transmission probabilities as a function of angle used as a point spread function 
in the V/Q model. When incidence angle is zero degree, almost 95% of photons would pass 
through collimator and be detected. The larger incidence angle, the lower the probability of 
photons passing through the collimator. The transmission probability is assumed to be zero 
beyond 4° 
 
5.2.5  Efficiency improvements 
Monte Carlo radiation transport is stochastic in nature and the resulting scored quanta have 
an associated statistical uncertainty; this is effectively a standard deviation which is inversely 
74 
 
proportional to the square of the number of particles contributing to the scored value. As most 
of the incident photons are blocked by the simulated PSF, less than 10% of the original 
photons are recorded by the detector and so there are large uncertainties in both ventilation 
and perfusion images. The total incident number of photons in the input file must be increased 
to ensure enough photons pass through the collimator layers. In this simulation, the maximum 
of 109 photons were emitted from the source volume, resulting in an uncertainty of around 
20%.  
Lower statistical uncertainties can also be achieved by restricting the emission angle of 
photons generated in the source volume this can cause more initial photons to be travelling in 
the right direction to be able to penetrate the collimator and contribute to the image. When a 
photon interacts with an electron, it may transfer part of its energy to the electron, with a 
scattered photon retaining the remaining energy. Assuming the camera resolution in this 
experiment is around ±10% for 140 keV 99mTc, the NaI detector will only record photons with 
energy of ≥126 keV , while all the other photons with energy less than 126 keV are ignored. 
The scattering angles can be calculated by the Compton scattering formula by using initial 
photon energy and a final photon energy of 126 keV. In the DOSXYZnrc code, normal angle 
restriction is a cosine domain of [-1, 1] (between 0 and 180 degrees) for an isotropic source. In 
order to improve efficiency, the emission angle cosine was restricted to [-0.66, 0.66] 
corresponding to angles between 48 and 131 degree. Photons emitted at greater angles 
cannot be scattered into a direction that can pass through the collimator without their energy 
being less than ± 10% energy window of the camra. Detailed descriptions of the code are 
given in Appendix 5.  
5.3  Investigation of JIH correlation coefficient sensitivity to V/Q 
defects 
In this Monte Carlo simulation, the defect was positioned inside the generated voxel 
phantoms with higher densities than the surrounding simulated mixtures. The phantom 
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geometry was incorporated into the EGS simulation as was the treatment couch surrogate. All 
the input files to execute this simulation and six media definitions are shown in Appendix 6. 
Point Spread Functions representing the collimators were used to restrict the transmission of 
incident photons by directly modifying the code (Appendix 3 and 4) and altering radiation 
transport behaviour in front of the detector. Dose was scored in the NaI detector layer behind 
the collimator layer. 
5.3.1  Introduction 
It was important to validate the model against experiment results, and ensure this model is 
reasonable. Once this was achieved, more situations (different volumes, positions and 
numbers of simulated defects) were considered to investigate how well the correlation 
coefficient of JIH can detect a defect using a simulated model. For both ventilation and 
perfusion scans, the Monte Carlo calculations were conducted in ten batches of 1 x 109 
histories. When the whole simulation process was finished, results were concatenated. The 
CPU processing time was approximately ten hours per simulation. The code to obtain a 
ventilation and perfusion image in DOSXYZnrc is given in Appendix 7. 
5.3.2  Validation of the model to experimental measurements 
Monte Carlo simulations have been performed to investigate the limit of detectability by 
looking at increasingly smaller defects and noting the effect on the correlation coefficient of 
the joint histogram. The process to obtain correlation coefficients in JIH of simulated 
scenarios was the same as in the experiment. 
Figure 5-4 shows the MC model of the phantom constructed from the CT scans of the 
experimental phantom. 
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Figure 5-4  All materials’ representative colours shown in the MC simulation and dimension 
of simulated phantom used in this simulation 
 
Four different size defects were simulated in the phantom. An example defect position is 
labelled in Figure 5-4. In Figure 5-5, simulated gamma-camera images are plotted (using 
Image J with 410 x 350 pixels). Using a thermal map to colourise each simulated image, these 
values correspond to a lower activity near the phantom edge, higher activity near the centre of 
the phantom. The defect present in one corner of the lung in each simulation can be seen in 
the simulated images. Thus, the simulation produces outputs as expected and was therefore 
used to extend the investigation of JIH correlation coefficient sensitivity to defect size, number 
and location. The methods of these investigations are described in sections 5.3.3-5.3.5.  
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Figure 5-5 Simulated gamma-camera images of a single lung (anterior direction) with and 
without defects. The defect position within the generated voxel phantom is in the top left 
corner. The “ventilation” image does not incorporate a defect. 
 
In this simulation, the statistical uncertainties of dose scored for the whole left lung perfusion 
model at anterior view were between ±8 and ±16 % and Ventilation (no defect) statistical 
uncertainties were around 5%. 
5.3.3  Method: the influence of defect volume on the correlation coefficient 
Clinically, patient pulmonary embolisms may vary from about 6 cm³ to 50 cm³ (Russo, De 
Luca et al. 1999). In this simulation, 8 cm³ to 60 cm³ single embolisms were simulated in six 
models. Figure 5-6 shows an image of the simulation design for a 49.2 cm3 defect to be used 
in this project. JIH were generated relative to the no-defect simulated ventilation scans and 
correlation coefficients were compared. 
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Figure 5-6 A 49.2 cm3defect simulated in a phantom to investigate how the JIH correlation 
coefficient sensitivity to the defect size. The other five sizes simulated in the phantom are: 8.3 
cm3, 16.7 cm3, 33.3 cm3, 37.4 cm3, and 58.2 cm3 respectively. 
 
To try to quantify the uncertainty of the correlation coefficient, 9 repeat simulations were 
performed for each of 3 of the models: the 8.32 cm3 defect, the 16.65 cm3 and the no defect 
(ventilation case, the correlation coefficient of the JIH for each pair of V-Q images was 
calculated (45 pairs for each model). The standard deviation of the correlation coefficient was 
calculated in each of the 3 cases. 
5.3.4  Method: the influence of the number of defects on the correlation 
coefficients 
It is possible (and likely), for patients to have multiple defects. The number of defects 
modelled in this study is based on clinical data (Stein, Henry et al. 1993). This distribution has 
been plotted in Figure 5-7. In the model, one to six defects were simulated. Figure 5-8 shows 
an image of the simulation design for 2 defects to be used in this project. Simulations were run 
for 1,2,3,4,5, and 6 defects. 
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Figure 5-7 The numbers of defects in a given patient, based on clinical data from 1092 
patients (Stein, Henry et al. 1993) 
 
 
 Figure 5-8 Two defects simulated in a phantom to investigate how the JIH correlation 
coefficient sensitivity to the defect number.  Simulations were run for 1,2,3,4,5, and 6 
defects. 
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5.3.5  Method: the influence of defect location on the correlation coefficient 
Park’s study (Park, Kwon et al. 2010) investigated the pulmonary embolism locations among 
23 patients. Five cases (21.7%) presented in main pulmonary artery, seven cases (30.4%) in 
the lobar pulmonary artery, in nine cases (39.1%) the embolism presented in the segmental 
artery and in only two cases (8.7%) the embolism presented in a sub-segmental artery (See 
Figure 5-9). Therefore, six different defect locations were simulated to investigate the effect of 
defect location on the JIH agreement. 
 
 
21.70%
30.40%
39.10%
8.70% Pulmonary Artery
Lobar pulmonary
artery
Segmental  artery
Sub‐segmental
artery
 
Figure 5-9 Typical defect locations in a given patient, based on clinical data (Park, Kwon et al. 
2010).  
 
In order to make the simulation reflect possible situations, the depth of simulated defects 
(measured from the top edge of the model) were varied from 2.08 cm to 7.80 cm, the 
distances measured from the centre of the model were varied from 0 cm to 7.28 cm in six 
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separated modules with a constant 3.37 cm³ defect volume). Figure 5-10 shows an image of 
the simulation design for a defect at the bottom of the phantom to be used in this project. 
 
 
Figure 5-10 A defect simulated at the bottom in a phantom to investigate how the JIH 
correlation coefficient sensitivity to the defect position. 
5.4 Results and discussion: sensitivity of JIH correlation coefficient 
to defects  
5.4.1  Comparison of measured and simulated results 
The experimental arrangement involves calculation of correlation coefficients in a V/Q JIH 
with different sized defects in the phantom. This configuration can be replicated with the 
Monte Carlo code developed in this study, but not without difference. The primary difference 
is the volume of the defects that have been simulated/scanned in simulation and experiment 
differs slightly. Figure 5-11 illustrates the correlation coefficient of JIH measured from V/Q 
image in simulation. 
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Figure 5-11 JIH of simulated scanning image of both ventilation and perfusion. The 
correlation coefficient for 0.56 cm3, 1.68 cm3, 2.81 cm3 and 3.37 cm3 defects are 0.597, 0.565, 
0.553 and 0.545 for posterior and 0.597, 0.581, 0.572, 0.558, for anterior respectively. Points 
in the JIH relating to defects are circled.  
As the volume of the perfusion defect was incremented, there was a slight change in the 
shape of the JIH plot. In anterior direction, the 0.56 cm3 defect correlation coefficient was the 
closest to the average correlation coefficient with no-defect, which means this size of defect at 
this particular point was the hardest to detect in simulation. Further indicating that when the 
defect is located at the corner of the phantom, the JIH is not sensitive enough to detect the 
embolism at 0.56 cm3. However, the 3.37 cm3.defect had the lowest correlation coefficient in 
this simulation. Correlation coefficients of two other defects were found to lie between these 
values. This systematic behaviour shows promise for size-sensitive defect detection using the 
JIH correlation coefficient. 
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Figure 5-12 Correlation coefficients for various defect sizes in two directions scanning in 
simulation 
The relationship between defect volume and JIH correlation coefficient is given in Figure 5-12. 
Upon first inspection, the correlation coefficient of JIH at both static views (anterior and 
posterior) is within the uncertainty range of the no defect case. However, as described earlier, 
this may be due to the only (maximum) 1x109 photons were simulated in this study and thus 
may generated noise. The probability of low-energy photons from 99mTc reaching the 
gamma-camera in the simulation is low. Despite this, we may have several observations from 
the systematic behaviour. It is evident that anterior scanning of simulated model has higher 
correlation coefficient relate to the defect volume compared to posterior scanning. This may 
be due to the defect location being further to camera in anterior scanning than posterior. 
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A quadratic curve has been fitted to each of the data sets in Figure 5-12. These empirical 
relationships suggest that the correlation coefficients for other size defects can be estimated 
using the following functions. 
For the anterior view:   Ra = 0.0011V2 - 0.00203V + 0.6338 
and for the posterior view:  Rp= 0.0029 V2 - 0.0355V + 0.6502 
Where V is the defect volume, Ra is the JIH correlation coefficient in the anterior view image; 
and Rp is the JIH correlation coefficient in the posterior view image. 
In order to verify the simulation agrees with experiment results, and the simulation can be 
used for in further analysis, relative correlation coefficient normalized to the no-defect case 
were plotted for two static views (anterior and posterior) and presented in Figure 5-13 and 
Figure 5-14. From this data, experimental data have higher relative correlation coefficients 
compared to simulation results. This may be due to statistical uncertainties being higher in 
simulations, and volumes of defects being different (especially when defect volume is 0.56 
cm3.). Both of reasons can cause lower correlation coefficient in JIH.  
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Figure 5-13 Relative correlation coefficients for simulations and experiments in posterior 
direction of different defect sizes 
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Figure 5-14 Relative correlation coefficients for simulations and experiments (in anterior 
direction of different defect sizes  
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There is clearly a broadening correlation coefficient difference at posterior static view of V/Q 
images compared to anterior result. For a 0.88 cm3, data shows a 11.3% difference between 
anterior and posterior variables. This difference may due to defect location is closer to camera 
in posterior than anterior. However the simulations and experiments results have the same 
conclusion: which as the volume of the perfusion defects was incremented, there was a 
systematic change in the value of correlation coefficient compared to ventilation case, and 
comparison. 
5.4.2  The sensitivity of the JIH correlation coefficient to defect volume 
In the previous section, it was demonstrated that there is consistency between measured and 
theoretical results. This validates use of the model for further studies. 
A further six different volume defects were successfully simulated at the middle of the model 
to investigate the sensitivity of the JIH correlation coefficient to defect volume (see Figure 
5-15). From inspection of Figure 5-16 it seems that as the volume of the perfusion defects 
was incremented, there was a change in the value of the correlation coefficient. The highest 
correlation coefficient is 0.620 when 8.32 cm3 defect was simulated, and when 58.24 cm3 
defect was simulated, the correlation coefficients decreased to 0.597. The other simulations 
(i.e. 16.65 cm3, 33.28 cm3, 37.41 cm3 and 49.22 cm3) correlation coefficients are located 
between these two extremes. Compared to zero defect correlation coefficient range 
presented below, when the defect volume ≥ 49 cm3 this correlation coefficient comparison 
method clearly can be used (being significant in a statistical sense) to detect an embolism 
presented in the middle of the lung. 
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Figure 5-15 2-D dose distributions in the simulated NaI detector for no-defect (ventilation) 
and perfusion simulations related to the volume of simulated defects. 
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Figure 5-16 The relationship between the JIH correlation coefficient and the defect size. The 
standard deviation is shown for 3 of the simulations which repeated 10 times, giving 45 pairs 
of correlations. 
 
5.4.3  The sensitivity of the JIH correlation coefficient to the number of defects 
A further one to six defects were successfully simulated in the model to investigate the 
sensitivity of the JIH correlation coefficient to the number of the defects (Figure 5-17). From 
inspection of Figure 5-18 a), as the numbers of the perfusion defects were increased, there 
was a change in the value of correlation coefficient. The highest correlation coefficient is 
0.630 when one defect was simulated, and when six defects were simulated, the correlation 
coefficients decreased to 0.556. The other simulations (i.e. two, three, four and five defects) 
correlation coefficients are located between these two extremes. Compared to the zero defect 
correlation coefficients range, the correlation coefficient’s method can be used confidently to 
detect pulmonary embolism when more than three defects were presented in perfusion image. 
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However when the number of defects is less than or equal to three, the correlation coefficient 
difference is not significantly different to a zero defect case and cannot use this method to 
detect a V/Q mismatch. If an additional method for statistical noise reduction could be 
developed and implemented, it would likely verify this trend even for small number of defects. 
 
 
Figure 5-17 2-D dose distributions in the simulated NaI detector for no-defect (ventilation) 
and perfusion simulations related to the number of simulated defects.  
 
Furthermore, different numbers of single sized defects can be thought of as a large defect 
volume cut into equal pieces and distribute within simulated model. Inspection of Figure 5-18 
(b) again shows evidence of correlation coefficient changes of cumulative volume of single 
defect, but also indicates that comparison of the correlation coefficient method in this 
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particular situation has the better sensitivity to 13.48 cm3 defect compared to the previous 
volume of defect detection presented in Section 5.4.2. 
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Figure 5-18 The relationship between the JIH correlation coefficient and the number of 
defects (a) and the net volume of defects (b). 
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5.4.4  The sensitivity of the JIH correlation coefficient to the locations of defects 
The last situation considered in this study is how the location of a defect may affect the 
correlation coefficient comparison of JIH between ventilation and perfusion simulations 
(Figure 5-19). Figure 5-20 demonstrates that as the locations of the perfusion defects were 
changed, there was only a slight change in the value of the correlation coefficient. When a top 
left corner defect was simulated, the correlation coefficient is 0.631. Similarly, for a defect 
simulated in middle section (i.e. middle top, centre, and bottom) correlation coefficient 
decreased to 0.626, 0.621, and 0.619 respectively-a maximum decrease of 1%. The 
correlation coefficient is slightly higher when a top right corner defect was simulated (0.624), 
but is back to minimum value when right bottom defect was simulated. However, all of these 
correlation coefficients are within the uncertainty range of the zero defect size (0.60-0.66). 
One can draw the conclusion that, as the correlation coefficients are not significantly different 
compared to the zero-defect case, the JIH is not a suitable method to detect differences in 
defect location. 
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Figure 5-19 2-D dose distributions in the simulated NaI detector for no-defect (ventilation) 
and perfusion simulations related to the location of simulated defects. 
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Figure 5-20 The relationship between the JIH correlation coefficient and the location of defect 
 
5.5  Conclusion 
It is feasible for MC simulations of voxel-based computational models to detect a defect by 
comparing JIH correlation coefficients. This comparison method is sensitive to the defect 
volume and the number of defects, but not the location of the defect. This can assist clinicians 
in the assessment of V/Q images. There are limitations of this work due to statistical 
uncertainties, but there is an observable systematic relationship between the existence of 
defects and the JIH correlation coefficient. 
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Chapter 6 Conclusions and opportunities for future work 
As described in the introduction section, pulmonary embolism is the third most common cause 
of death, causing about 5000 fatalities in Australia each year (Goldhaber 2004). There is no 
single non-invasive method that can detect PE with both sensitivity and specificity. It was 
stated that the aim of this thesis was to investigate the sensitivity of detecting a difference in 
ventilation and perfusion lung images, based on a mathematical technique of image analysis. 
An experimental phantom was designed and constructed. The dimensions of phantom were 
determined from a review of 26 patients. The phantom developed in this study indicates that 
ventilation and perfusion image differences can be effectively detected by comparing 
correlation coefficients of its JIH. A Monte Carlo model was also constructed to investigate the 
sensitivity limits of this method. The simulated model was verified via experimental results. In 
summary, 
i) In the Monte Carlo model, ventilation and perfusion radioisotope distributions can be 
modelled, as evidence by validation against an experimental model. 
ii) The simulations indicate that detection of ventilation and perfusion differences through 
comparison of the correlation coefficients of JIH is achievable, though limited by the statistical 
uncertainties of the model. 
iii) Further simulations suggest that the method of comparing correlation coefficients to detect 
a difference between ventilation and perfusion images is sensitive to the defect volume and 
the number of defects, but not the location of the defect. 
This work demonstrates the feasibility of a mathematical tool to aid clinicians in the detection 
of pulmonary embolisms. It also leads to opportunity for future work. The future work includes 
implementation of non-uniform radioisotope distributions in ventilation images, which enables 
investigation of respiratory failure such as shortness of breath, which may be clinically 
relevant. The phenomenon is quite different to “the embolism” in perfusion images, and it may 
95 
 
difficult to simulate sufficiently generalised or representation models correctly with the model. 
Furthermore one could suggest the future possibility of modelling a suitable detector at 45 
degrees (to obtain Left Anterior Oblique (LAO) and Right Anterior Oblique (RAO) static view 
scans), in addition to the anterior/posterior scans to reflect common clinical practice. This will 
require the development of a new simulation that is not restricted to rectilinear geometry as in 
the current project. 
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                Appendix 1: Ctcreate input file description 
 
 
Codes Description 
DICOM CT data in DICOM format 
/home/s3077068/egsnrc/ctcreate/5mm/filelist Name of the CT Lung file 
0,0,0,0,0,0 The sub volume of the CT dataset 
0.52,0.52,0.52 The phantom voxel size 
6 The number of mediums 
AIR700ICRU The first medium name 
50,0.001248,0.0013,1.0 The medium CT upper bound, 
density lower bound, 
density upper bound, 
estepe (dummy input) 
waterliquid The 2nd medium name 
700,0.3,0.31,1.0  
POLYSTY700ICRU The 3rd medium name 
1165,1.06,1.07,1  
WaxCandle The 4th medium name 
1400,0.93,0.94,1.0  
PMMA700ICRU The 5th medium name 
1250,1.19,1.20,1.0  
NAI700ICRU The 6th medium name 
1500,3.667,3.7,1.0  
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 Appendix 2: Perfusion source creation subroutine 
 
8033      IF ((xindel .EQ. 0.0)) THEN  
              xin=xinl  
          ELSE  
              IF((rng_seed .GT. 128))call ranmar_get  
              r1 = rng_array(rng_seed)*twom24  
              rng_seed = rng_seed + 1  
              xin = xinl + r1*xindel  
          END IF  
          IF ((yindel .EQ. 0.0)) THEN  
              yin=yinl  
          ELSE  
              IF((rng_seed .GT. 128))call ranmar_get  
              r1 = rng_array(rng_seed)*twom24  
              rng_seed = rng_seed + 1  
              yin = yinl + r1*yindel  
          END IF  
          IF ((zindel .EQ. 0.0)) THEN  
              zin=zinl  
          ELSE  
              IF((rng_seed .GT. 128))call ranmar_get  
              r1 = rng_array(rng_seed)*twom24  
              rng_seed = rng_seed + 1  
              zin = zinl + r1*zindel  
          END IF  
          IF((rng_seed .GT. 128))call ranmar_get  
          costheta = rng_array(rng_seed)*twom24 
          rng_seed = rng_seed + 1 
IF (MED(irin).NE.2) THEN 
        IF (medium.NE.2) THEN 
              GO TO 8033 
          END IF 
          return  
      END IF 
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Appendix 3: Code for collimator point spread function 
IF ( (y(np).GE.y_coll_start) .AND. (y(np).LE.y_coll_end) ) THEN 
          IF ((ABS(v(np)).LE.1) .AND. 
     *    (ABS(v(np)).GE.0.999999756))  THEN 
            IF (mlt_ran.GE.(0.9495)) THEN 
              idisc = 1     ! 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999999756) .AND. 
     *    (ABS(v(np)).GE.0.999997015))  THEN 
            IF (mlt_ran.GE.(0.897)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999997015) .AND. 
     *    (ABS(v(np)).GE.0.999991227))  THEN 
            IF (mlt_ran.GE.(0.852)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999991227) .AND. 
     *    (ABS(v(np)).GE.0.999982393))  THEN 
            IF (mlt_ran.GE.(0.809)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999982393) .AND. 
     *    (ABS(v(np)).GE.0.999970513))  THEN 
            IF (mlt_ran.GE.(0.765)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999970513) .AND. 
     *    (ABS(v(np)).GE.0.999955587))  THEN 
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            IF (mlt_ran.GE.(0.7204)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999955587) .AND. 
     *    (ABS(v(np)).GE.0.999937615))  THEN 
            IF (mlt_ran.GE.(0.677)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999937615) .AND. 
     *    (ABS(v(np)).GE.0.999916597))  THEN 
            IF (mlt_ran.GE.(0.6334)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999916597) .AND. 
     *    (ABS(v(np)).GE.0.999892533))  THEN 
            IF (mlt_ran.GE.(0.5906)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999892533) .AND. 
     *    (ABS(v(np)).GE.0.999865423))  THEN 
            IF (mlt_ran.GE.(0.5480)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999865423) .AND. 
     *    (ABS(v(np)).GE.0.999835267))  THEN 
            IF (mlt_ran.GE.(0.5154)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
 
          ELSE IF ((ABS(v(np)).LT.0.999835267) .AND. 
     *    (ABS(v(np)).GE.0.999802066))  THEN 
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            IF (mlt_ran.GE.(0.462)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999802066) .AND. 
     *    (ABS(v(np)).GE.0.999765819))  THEN 
            IF (mlt_ran.GE.(0.418)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999765819) .AND. 
     *    (ABS(v(np)).GE.0.999726527))  THEN 
            IF (mlt_ran.GE.(0.3754)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999726527) .AND. 
     *    (ABS(v(np)).GE.0.999684189))  THEN 
            IF (mlt_ran.GE.(0.334)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999684189) .AND. 
     *    (ABS(v(np)).GE.0.999638806))  THEN 
            IF (mlt_ran.GE.(0.2934)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999638806) .AND. 
     *    (ABS(v(np)).GE.0.999590378))  THEN 
            IF (mlt_ran.GE.(0.254)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999590378) .AND. 
     *    (ABS(v(np)).GE.0.999538906))  THEN 
            IF (mlt_ran.GE.(0.215)) THEN 
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              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999538906) .AND. 
     *    (ABS(v(np)).GE.0.999484388))  THEN 
            IF (mlt_ran.GE.(0.1773)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999484388) .AND. 
     *    (ABS(v(np)).GE.0.999426826))  THEN 
            IF (mlt_ran.GE.(0.1442)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999426826) .AND. 
     *    (ABS(v(np)).GE.0.999366219))  THEN 
            IF (mlt_ran.GE.(0.1078)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999366219) .AND. 
     *    (ABS(v(np)).GE.0.999269601))  THEN 
            IF (mlt_ran.GE.(0.0769)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999269601) .AND. 
     *    (ABS(v(np)).GE.0.999166134))  THEN 
            IF (mlt_ran.GE.(0.0261)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999166134) .AND. 
     *    (ABS(v(np)).GE.0.999093352))  THEN 
            IF (mlt_ran.GE.(0.00797)) THEN 
              idisc = 1     ! MLT: terminate particle history 
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            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999093352) .AND. 
     *    (ABS(v(np)).GE.0.998856745))  THEN 
            IF (mlt_ran.GE.(0.000424)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.999093352) .AND. 
     *    (ABS(v(np)).GE.0.998856745))  THEN 
            IF (mlt_ran.GE.(0.000424)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.998856745) .AND. 
     *    (ABS(v(np)).GE.0.998145438))  THEN 
            IF (mlt_ran.GE.(0.00002878)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
          ELSE IF ((ABS(v(np)).LT.0.998145438) .AND. 
     *    (ABS(v(np)).GE.0.99756405))  THEN 
            IF (mlt_ran.GE.(0.000043)) THEN 
              idisc = 1     ! MLT: terminate particle history 
            ELSE 
              continue 
            END IF 
 
c         MLT: Terminate all histories with angle > 4 degrees: 
          ELSE IF ( ABS(v(np)).LT.0.99756405 ) THEN 
            idisc = 1       ! MLT: terminate particle history 
c         MLT: Have a flag for particles not caught by IF statements: 
          ELSE 
            WRITE(6,*)'MLT: Particle failed to be collimated properly' 
            WRITE(6,*)'MLT: Direction cosine = v(np) = ',v(np) 
          END IF 
      END IF 
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Appendix 4: Point Spread Function used in FLURZnrc to simulate a collimator 
TITLE= Collimator Point Spread Function 2504091822 
########################## 
:start I/O control: 
IWATCH= off 
STORE INITIAL RANDOM NUMBERS= no 
IRESTART= first 
STORE DATA ARRAYS= yes 
OUTPUT OPTIONS= long 
ELECTRON TRANSPORT= normal 
DOSE ZBOUND MIN= 1 
DOSE ZBOUND MAX= 36  
DOSE RBOUND MIN= 0 
DOSE RBOUND MAX= 50 
:stop I/O control: 
######################### 
########################## 
 
 
:start Monte Carlo inputs: 
NUMBER OF HISTORIES= 1000000 
INITIAL RANDOM NO. SEEDS= 1, 3 
MAX CPU HOURS ALLOWED= 90.000 
IFULL= pulse height distribution 
STATISTICAL ACCURACY SOUGHT= 0.00 
SCORE KERMA= yes 
stop Monte Carlo inputs: 
######################### 
########################## 
:start pulse height distribution input: 
REGION OF SENSITIVE VOLUME=3,5,7,9,11,13,15,17,19,21,23,25,27,29,31,33 
SLOTE= 0.014 
DELTAE= 0.005 
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:stop pulse height distribution input: 
######################### 
########################## 
 
 
 
Start geometrical inputs: 
METHOD OF INPUT= individual 
Z OF FRONT FACE= 0 
DEPTH BOUNDARIES=3.5,4.45 
RADII=0.075,0.095,0.245,0.265,0.415,0.435,0.585,0.605,0.755,0.775,0.925,0.945,1.095,1.115,1.265,
1.285  
MEDIA=AIR700ICRU, 
      PB700ICRU, 
      NAI700ICRU; 
DESCRIPTION BY= regions 
MEDNUM=1,3,2,3,1,3,2,3,1,3,2,3,1,3,2,3,1,3,2,3,1,3,2,3,1,3,2,3,1,3,2,3 
START 
REGION=2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33 
STOP REGION= 
2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33 
:stop geometrical inputs: 
######################### 
########################## 
 
 
start source inputs: 
INCIDENT PARTICLE=photon 
SOURCE NUMBER= 0 
SOURCE OPTIONS=0.075,0.104528463,0.0,0.990268069 
INCIDENT ENERGY=monoenergetic 
INCIDENT KINETIC ENERGY(MEV)=0.140 
:stop source inputs: 
######################### 
########################## 
:start MC transport parameter: 
Global ECUT= 0.521 
Global PCUT= 0.01 
Global SMAX= 1e10 
ESTEPE= 0.25 
XImax= 0.5 
Skin depth for BCA= 3 
Boundary crossing algorithm= EXACT 
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Electron-step algorithm= PRESTA-II 
Spin effects= on 
Brems angular sampling= KM 
Brems cross sections= BH 
Bound Compton scattering= On 
Pair angular sampling= Simple 
Photoelectron angular sampling= Off 
Rayleigh scattering= Off 
Atomic relaxations= On 
Set PCUT= 0 
Set PCUT start region= 1 
Set PCUT stop region= 1 
Set ECUT= 0 
Set ECUT start region= 1 
Set ECUT stop region= 1 
Set SMAX= 0 
Set SMAX start region= 1 
Set SMAX stop region= 1 
:stop MC transport parameter: 
######################### 
########################## 
:start variance reduction: 
 
BREM SPLITTING= off 
NUMBER OF BREMS PER EVENT= 1 
CHARGED PARTICLE RUSSIAN ROULETTE= off 
ELECTRON RANGE REJECTION= off 
ESAVEIN= 0.0 
RUSSIAN ROULETTE DEPTH= 0.0000 
RUSSIAN ROULETTE FRACTION= 0.0000 
EXPONENTIAL TRANSFORM C= 0.0000 
PHOTON FORCING= off 
START FORCING= 1 
STOP FORCING AFTER= 1 
CS ENHANCEMENT FACTOR= 1 
CS ENHANCEMENT START REGION= 1, 1 
CS ENHANCEMENT STOP REGION= 1, 1 
:stop variance reduction: 
######################### 
########################## 
:start plot control: 
PLOTTING= on 
LINE PRINTER OUTPUT= of 
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EXTERNAL PLOTTER OUTPUT= on 
EXTERNAL PLOT TYPE= Histogram 
PLOT RADIAL REGION IX= 1,2,3,4,5,6,7,8,9,10,11,12 
PLOT PLANAR REGION IZ= 1,2,3,4,5,6,7,8,9,10,11,12 
 
 
 
 
 
Appendix 5: Photons Incidence Angle Restriction of Simulation in DOSXYZnrc 
  Step 1: Calculations from Compton scattering formula) 
Initial 
Energy (Eo) 
Scattered 
Energy (Es) 
Mc²/Eo (Es/Eo)-1 Cosθ 
140 126 3.58 0.11 0.602 
 
Step 2: Find a maximum Cosθ at a given resolution: 
If the camera has 10% resolution then 
Window=0.06 (10% of Cosθ) 
Max Cosθ= 0.66  
Min Cosθ=0.54 
Step 3 Adjusted codes for angle restriction 
Normal restriction (in DOSXYZnrc code is a cosine domain of [-1, 1] 
Achieved by: 
Cosθ=random number 0 and 1       [0, 1] 
Cosθ= 2* Cosθ-1                   [-1, 1] 
To get ± 0.66, codes need changed to 
Cosθ=random number 0 and 1      [0, 1] 
Cosθ=2*0.66* Cosθ-1              [-0.66. 0.66] 
Note that [-1, 1] corresponds to angles between 0 and 180 degrees 
And [-0.66. 0.66] corresponds to angles between 48 and 131 degrees 
Start MC angle restriction: 
costheta = rng_array(rng_seed)*twom24 
rng_seed = rng_seed + 1 
costheta=costheta*(1-COS(30*0.01745))+COS(30*0.01745) 
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sintheta=SQRT(1.0-costheta**2) 
IF((rng_seed .GT. 128))call ranmar_get  
phi(1) = rng_array(rng_seed)*twom24  
rng_seed = rng_seed + 1  
phi(1)=6.283185*phi(1) 
win=sintheta*COS(phi(1)) 
uin=sintheta*SIN(phi(1)) 
vin=costheta 
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Appendix 6: PEGS4 Input codes 
MIXT 
&INP NE=4, RHO=1.2048E-03, RHOZ=0.0001, 0.7552, 0.2318, 0.012, IRAYL=1 &END 
AIR700ICRU 
C N O AR 
ENER 
&INP AE=0.521, UE=1, AP=0.001, UP=1&END 
PWLF 
&INP &END 
DECK 
&INP &END 
 
PEGS Input Code for 100% PMMA 
MIXT 
&INP NE=3, RHO=1.1903, RHOZ=1.001, 1.251, 1.93, IRAYL=1 &END  
POLYSTY700ICRU 
H O C 
ENER 
&INP AE=0.521, UE=1, AP=0.001, UP=1&END 
PWLF 
&INP &END 
DECK 
&INP &END 
 
PEGS Input Code for 100% paraffin wax 
 
COMP 
&INP NE=2, RHO=0.93, RHOZ=1.93, 1.001 IRAYL=1 &END  
Wax candle 
C H 
ENER 
&INP AE=0.521, UE=1, AP=0.001, UP=1&END 
PWLF 
&INP &END 
DECK 
&INP &END 
 
PEGS Input Code for 30:70 polystyrene foam and water mixture 
MIXT 
&INP NE=3, RHO=0.40, RHOZ=1.251, 1.001, 1.93, IRAYL=1 &END  
waterliquid 
O H C 
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ENER 
&INP AE=0.521, UE=1, AP=0.001, UP=1&END 
PWLF 
&INP &END 
DECK 
&INP &END 
PEGS Input Code for NaI detector 
MIXT 
&INP NE=2, RHO=3.667, RHOZ=0.153, 0.846 IRAYL=1 &END  
NAI700ICRU 
NA I 
ENER 
&INP AE=0.521, UE=1, AP=0.001, UP=1&END 
PWLF 
&INP &END 
DECK 
&INP &END 
 
PEGS Input Code for Carbon fiber 
COMP 
&INP NE=3, RHO=1.78, RHOZ=60.055, 8.063, 31.998 IRAYL=1 &END 
PMMA700ICRU 
C H O 
ENER 
&INP AE=0.521, UE=1, AP=0.001, UP=1&END 
PWLF 
&INP &END 
DECK 
&INP &END 
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Appendix 7: DOSXYZnrc input description  
 
Code  Description 
Lung beam in a phantom                Title of the simulation 
0 The code switch to CT_phantom mode 
left_middle_defect_x=4.68.egsphant The name of the CT phantom file 
0.7, 0.14, 0 ECUTIN, PCUTIN, SMAX 
1, 0, 0,  Zeroairdose, doseprint, MAX20 
6 Source number=6 
(Uniform isotropically radiating) 
2.65300322, 7.34050465, -11.9303341, 
-11.4095011, -89.4499969, -71.9499664 
Xinl, Xinu, Yinl, Yinu, Zinl, Zinu 
999999999 Number of photon histories 
 
Start MC Transport Parameter: 
 Global ECUT= 0.7 
 Global PCUT= 0.11 
 Global SMAX= 5 
 ESTEPE= 0.25 
 XIMAX= 0.5 
 Boundary crossing algorithm= PRESTA-I 
 Skin depth for BCA= 0 
 Electron-step algorithm= PRESTA-II 
 Spin effects= On 
 Brems angular sampling= Simple 
 Brems cross sections= BH 
 Bound Compton scattering= Off 
 Pair angular sampling= Simple 
 Photoelectron angular sampling= Off 
 Rayleigh scattering= Off 
 Atomic relaxations= Off 
 
Stop MC Transport Parameter: 
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Appendix 8: Correlation coefficients of further simulated images datasets 
 
Nine times ventilation simulations in a simulated module: 
 
  V2 V3 V4 V5 V6 V7 V8 V9 V10 
V2 1 0.677 0.635 0.701 0.601 0.623 0.661 0.611 0.673 
V3 0.677 1 0.635 0.651 0.606 0.608 0.648 0.598 0.606 
V4 0.635 0.635 1 0.642 0.63 0.638 0.649 0.586 0.652 
V5 0.701 0.651 0.642 1 0.646 0.63 0.635 0.612 0.647 
V6 0.601 0.606 0.63 0.646 1 0.602 0.612 0.618 0.607 
V7 0.623 0.608 0.635 0.63 0.602 1 0.633 0.603 0.631 
V8 0.661 0.648 0.649 0.635 0.612 0.633 1 0.601 0.641 
V9 0.611 0.598 0.586 0.612 0.618 0.603 0.601 1 0.585 
V10 0.673 0.666 0.652 0.647 0.607 0.831 0.641 0.585 1 
          
 average std dev        
 0.6323 0.0354        
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Nine times 8.32 cm defect simulations in a simulated module: 
 
 V2 V3 V4 V5 V6 V7 V8 V9 V10 
defect_2 0.936 0.661 0.616 0.676 0.601 0.63 0.636 0.592 0.656
defect_3 0.663 0.93 0.63 0.649 0.589 0.621 0.623 0.556 0.661
defect_4 0.647 0.634 0.924 0.617 0.637 0.625 0.625 0.591 0.64 
defect_5 0.643 0.635 0.64 0.957 0.621 0.625 0.622 0.592 0.643
defect_6 0.628 0.605 0.634 0.655 0.92 0.628 0.651 0.584 0.653
defect_7 0.624 0.598 0.621 0.628 0.598 0.967 0.622 0.599 0.614
defect_8 0.66 0.64 0.643 0.646 0.623 0.612 0.956 0.614 0.651
defect_9 0.503 0.484 0.521 0.525 0.602 0.577 0.568 0.954 0.549
defect_10 0.673 0.659 0.645 0.646 0.599 0.628 0.632 0.576 0.962
          
 average 
Std 
dev 
       
 0.6183 0.0379        
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   Nine times 8.32 cm defect simulations in a simulated module: 
 
 V2 V3 V4 V5 V6 V7 V8 V9 V10 
defect_2 0.938 0.665 0.617 0.677 0.586 0.624 0.644 0.565 0.661
defect_3 0.679 0.932 0.637 0.649 0.602 0.619 0.647 0.556 0.662
defect_4 0.648 0.632 0.928 0.634 0.619 0.618 0.636 0.563 0.643
defect_5 0.683 0.664 0.653 0.931 0.622 0.639 0.640 0.582 0.657
defect_6 0.633 0.603 0.637 0.630 0.935 0.607 0.615 0.607 0.616
defect_7 0.629 0.601 0.623 0.607 0.606 0.942 0.622 0.611 0.604
defect_8 0.660 0.647 0.653 0.638 0.618 0.622 0.938 0.614 0.661
defect_9 0.507 0.498 0.520 0.500 0.608 0.597 0.526 0.912 0.509
defect_10 0.683 0.667 0.649 0.677 0.611 0.634 0.648 0.60 0.939
          
 average 
Std 
dev 
       
 0.6183 0.0379        
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